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The breadth and depth of muscle biology research has consistently demonstrated 
the ability for skeletal muscle to adapt quickly and specifically to stimuli placed upon it, 
often regarded as plasticity.  Changes in muscle mass are often tied to losses, recoveries, 
and gains in muscle function during mechanical unloading, reloading, or overloading 
(respectively).  While a cadre of research has studied the impacts of disuse or exercise 
training on muscle, few efforts have detailed the capacity for muscle to fully recover 
after chronic disuse, which we define as an example of biological resilience.  
Furthermore, there are no known works that have characterized the effects of multiple 
bouts of long-duration unloading and recovery, which we propose as biological 
repeatability.  To determine if resilience and repeatability should be considered facets of 
muscle plasticity, a cross-sectional study design was created to assess muscle protein 
turnover throughout several changes in mechanoloading.  Male Sprague-Dawley rats (n 
= 108) were placed in one of the following groups: 28 d unloading (HU), 28 d unloading 
with 56 d recovery with either passive ambulation reloading (HU+REC) or chronic 
resistance training (HU+EX), groups exposed to 28 d unloading, one of the recovery 
strategies, and then a second 28 d unweighting period (HU+REC+HU & HU+EX+HU), 
animals undergoing two unloading and two passive recovery cycles 
(HU+REC+HU+REC), or control (CON).  At the end of the study, muscle mass, rates of 
synthesis, and markers of anabolism/catabolism were assessed in the lower limbs.  
Results included muscle mass being highly coupled to anabolic signaling and subsequent 
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protein synthesis.  Muscle mass was significantly and consistently lower during 
unloading, but fully recovered with each reloading period.  Our moderate-intensity, 
moderate-volume resistance exercise was insufficient to further improve recovery.  And 
finally, the anabolic regulator DEPTOR was proven to correlate inversely with muscle 
mass.  This study provides the first known evidence that repeatability is a component of 
muscle plasticity.  The value in this work adds immediate benefits to manned space 
travel, clinical populations affected by serial unloading, as well as expands our general 
understanding of muscle biology. 
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I. INTRODUCTION 
The term ‘plasticity’ was first described in 1959 to denote muscle’s inherent 
ability to substantially, swiftly, and specifically alter its form and function in response to 
a change in stimuli (55).  It has long been appreciated that increases in skeletal muscle 
mass (hypertrophy) regularly occur during adolescent growth (133), sex hormone (38, 
177) or anabolic steroid presence (225), and strength training (41), whereas chronic 
reductions of muscle mass (atrophy) are distinct in conditions of starvation (29), 
cachexia (57), sarcopenia (108), and disuse (54).  Therefore, it would be plausible to 
hypothesize that the musculoskeletal system- as well as the majority of the human body, 
would undergo rapid and ample changes during spaceflight due to the microgravity 
environment contributing to sustained unloading.  A cursory search of the literature 
pertaining to skeletal muscle during disuse atrophy in humans and murinae generates 
over 8,500 unique research articles, demonstrating the breadth and depth of our current 
understanding of muscle’s plastic adaptation to unloading and responses to 
countermeasures against disuse or inactivity. Less is known about the rates, magnitudes, 
and devices of recovery following the conclusion of spaceflight, bed rest, injury, or other 
conditions that result in mechanical unloading.  If muscle is truly plastic, one might 
surmise a complete recovery in muscle size, function, and structure.  And in cases of 
career astronauts- individuals who fly repeated long-duration missions in space, we 
should expect to see skeletal muscle change fully and appropriately to each condition, 
each time.  The same would be expected of a number of subjects with chronic illness that 
require long periods of bed rest.  The following review seeks to assess muscle’s 
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plasticity (ability to change) and biological resilience (capacity to change) during 
modifications in mechanical load; namely unloading, reloading, and overload.  It also 
strives to demarcate biological repeatability, which we propose herein as muscle’s 
ability to react in a predictable and complete manner to multiple recurring alterations in 
loading conditions.  As the scope of all conditions of disuse and inactivity is beyond this 
review, we will focus on spaceflight-derived muscle alterations, or similar models, 
whenever possible, but much of the information presented has relevance in a number of 
atrophic stimuli (29, 54, 57, 108).  
 
Unloading 
Muscle Atrophy During Unloading 
 There are no shortage of studies to demonstrate that inactivity and disuse result in 
reductions in muscle mass or volume (1, 14, 21, 23, 30, 32, 43-45, 52, 56, 63, 64, 70, 82, 
84, 92, 103, 108, 110, 115, 129, 153, 175, 176, 211, 215, 216).  Complete unloading, 
such as that experienced during spaceflight, has been shown to be particularly atrophic.  
Spaceflight data from 6 m NASA and MIR missions report losses of 13-20% calf 
volume (218, 234)- despite their respective countermeasure programs, and 60-90 d bed 
rest studies demonstrate significant (25-29%) reductions in calf cross-sectional area 
(CSA) (176) and volume (220).  Rodent models have shown losses of over 50% muscle 
mass, particularly in the vulnerable postural soleus muscle of the lower leg (127, 196, 
216).  Figure 1.1 shows the relationship between days of unloading and the losses in 
soleus muscle mass.  Notably, the work by Thomason et al. demonstrates that the rates 
  3  
 
of soleus atrophy slow down after 28 d, which is noted in the similar muscle masses 
displayed in 56 d unloaded soleus muscle (216), which suggests that muscle losses due 
to unloading may reach an eventual minimum, at least in rodents.  Understanding if this 
steady-state disuse exists in humans is paramount to knowing the extreme limits or risks 
of unloading-induced atrophy. 
 
 
Figure 1.1.  Muscle Atrophy During Unloading.  A compilation of research 
demonstrating the relative loss of soleus muscle mass during hindlimb unloading studies 
(9, 12, 53, 64, 69, 93, 104, 113, 127, 140, 143, 180, 201, 216, 227, 229, 231). 
 
 Changes in muscle mass are the long-term result of muscle protein turnover, 
which is the final effect when muscle protein synthesis (anabolism) is assessed in 
conjunction to muscle protein breakdown (catabolism).  Both processes operate 
continuously in muscle at some magnitude, and can often work independently of the 
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other system.  When rates of protein synthesis exceed those of breakdown, there is a net 
gain in muscle protein and muscle mass/volume increases.  When the protein is being 
synthesized at the same rate as older fibers are being broken down and recycled, there is 
no overall change in muscle mass.  But when synthesis rates are exceeded by breakdown 
rates, a net loss of protein results and muscle atrophy occurs.  A schematic of this 
interaction is provided in Figure 1.2.   
 
 
Figure 1.2.  Muscle Protein Turnover.  Rates of muscle protein synthesis (MPS; solid 
line) and muscle protein breakdown (MPB; dashed line) both fluctuate throughout the 
day and are individually affected by several stimuli, including protein-rich meals 
(pictured).    Reprinted with permission from (161). 
 
The net difference between protein accretion and resorption is muscle protein turnover, 
which in this illustration is showing a net balance.  Net gains (hypertrophy) or losses 
(atrophy) can occur with altered synthesis, degradation, or both.  The onset of disuse 
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has been reported to result in immediate and substantial reductions in protein synthesis 
that remain declined for long-duration disuse (22, 58, 191, 214) and increases in 
proteolysis (39, 40, 59, 213), but the rates of breakdown have been shown to slow or 
reverse in steady-state disuse (1, 214).  In fact, this was first modeled by Thomason et 
al. in 1989, which is presented in Figures 1.3A-B. 
 
 
Figure 1.3.  Muscle Protein Turnover Steady-State Timeline.  Soleus protein turnover 
is demonstrated to (A) be heavy affected by protein degradation (solid line) in the early 
phase (Day 0-15), then returns to basal values, while protein synthesis remains similarly 
reduced for the entirety of the disuse period.  Figure (B) demonstrates a second 
representation of the magnitude of breakdown, which appears to be highest at Day 15, as 
well as the chronic suppression of synthesis rates relative to Day 0.  Reprinted with 
permission from (214). 
 
Both figures suggest that muscle disuse atrophy, at least in rodents, reaches a steady-
state that results in a new set-point for mass, synthesis, and breakdown, and that 
catabolic markers for steady-state disuse may not be altered from control values.   
A B
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 As degradation markers may not be ideal measures for assessing the later 
timepoints of steady-state muscle protein turnover during disuse, it appears that 
anabolism may be the primary driver of muscle mass during long-duration unloading.  
While the signaling pathways involved in muscle anabolism are vast, this review will 
give a brief description.   
  
Other Models/Conditions of Disuse 
Hindlimb unloading is a ground-based model that simulates the effects of 
microgravity on skeletal muscle with muscle mass losses that have been comparable to 
both space flown rats and astronauts (For Review; (60, 149). Its strength for skeletal 
muscle studies is in part due to a cardiovascular fluid shift similar to that observed 
during spaceflight (94) and a substantial reduction in lower limb muscle activity (173).  
Its value for modeling general disuse or inactivity has been stated, but other models of 
disuse do exist.  Here we highlight some examples of muscle atrophy models, and when 
necessary, contrast the findings between the different stimuli on muscle mass regulation.   
Spinal dissection and denervation, while highly effective at generating 
anterograde muscle loss (17, 51, 99, 204), are fairly permanent and therefore beyond the 
scope of this review.  
Casting studies have been used, often in short-duration studies but some longer 
duration studies exist (23).  Casting has demonstrated rapid and substantial muscle 
atrophy compared to the contralateral control leg (115, 119), even eliciting muscle losses 
in the extensor digitorum longus (EDL) (68), a muscle typically not impacted by 
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unloading in healthy rats (44, 99).  A key difference between the casting and hindlimb 
unloading models is that muscle atrophy during casting appears to be independent of 
declines in muscle protein synthesis and is contingent upon increases in degradation 
(119).  A 10 d casting study by Childs et al. found no changes in ERK1/2 activity- a 
participant in MAPK-mediated regulation of muscle translation initiation, during cast 
immobilization or recovery (36), a stark difference from the hindlimb unloading work by 
Dupont et al. that illustrates ERK1/2 phosphorylation (and subsequent activation) is 
diminished in the soleus at Day 7, 14, and 28 of (hindlimb) suspension (53).  Dupont et 
al. continue to demonstrate that casting did alter key regulatory signals in the 
PI3K/Akt/mTOR pathway, with 10 d of casting resulting in decreased anabolic activity 
in these proteins that was quickly reversed and even elevated upon removal of the cast 
(36). 
 One final model of skeletal muscle atrophy poses a unique challenge to 
clinicians.  The diaphragm muscle is known to be a high-endurance skeletal muscle that 
is rapidly atrophied upon the onset of mechanical ventilation (103, 132, 192), which 
carries immediate health risks to a number of patients who begin assisted breathing for 
any reason.  In fact, McClung et al. highlight a unique problem when comparing 
mechanical ventilation-induced atrophy of the diaphragm versus the atrophy observed in 
hindlimb muscles during traditional disuse. They note that the increased proteolysis (42) 
and decreased protein synthesis (191) that occur in their model are much more 
substantial that the reductions in rates of synthesis observed in hindlimb unloading 
studies (141).    
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Reloading 
Most human work shows full recovery of muscle area/volume with adequate time 
(175, 181, 218), and this ability to recover appears to be supported by animal models 
(23, 168, 226), likely due to recovered anabolic signaling (17) and altered protein 
breakdown (17, 210), although some work suggests complete recovery of mass may be 
only in some muscles (196).  Prior work by our collaborators has also demonstrated 
muscle’s ability for a full recovery of mass, given appropriate time (6, 226).  However, it 
does appear that some risks and ill-effects are present with recovery from steady-state 
disuse.     
The study by Krippendorf and Riley demonstrated that long-duration unloading 
created myofibrillar damage upon reloading conditions (121), and their group has 
expanded by detailing how disuse atrophy contributes to alterations in actin-myosin 
concentrations and cytoskeletal proteins (169-171, 173) and human rehabilitation 
research has confirmed that atrophied muscle is highly susceptible to load-induced 
damage (163).  Fortunately, the fiber type shift observed during spaceflight (56, 218) 
and other forms of mechanical unloading (88, 219), appears to be reversed with as little 
as 14 d normal ambulatory recovery (100, 114). 
 
Overload 
 While exercise during disuse is certainly relevant in trying to mitigate muscle 
atrophy, there have been mixed results on its effectiveness, with bed rest human data 
showing promise (13, 59, 219) and human spaceflight data showing less effectiveness 
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(218).  NASA has recognized that major knowledge gaps in their understanding of 
muscle physiology in space include optimizing an exercise prescription to minimize or 
fully mitigate the risks of long-duration unloading, as well as to understand the time-
course for loss of muscle mass, strength, and function during missions of differing 
durations (162).  That being said, assessing exercise during steady-state disuse is beyond 
the scope of this Dissertation, and overload will be discussed in regards to muscle 
plasticity following and preceding periods of disuse. 
 The 30 yr follow-up to the famous Saltin et al. “Dallas Bed Rest and Training 
Study” concludes that 21 d of bed rest in healthy 20 yr old men had a more profound 
impact on their functional capacity than 30 years of aging did (145).  If steady-state 
disuse has that substantial of an effect on overall health and function, efforts must be 
made to better understand the impact of recovery after unweighting.  As mentioned 
above, there are substantial risks with increased tissue damage from unloading (163, 
168), as well as decreased strength and altered functional capacity (82, 218), so therapies 
must pay heed to these added risks. 
Endurance exercise post-disuse can provide improvements to normalize the 
myosin heavy chain isoform transition that occurs during unweighting, as endurance 
exercise for 14 d after a 14 d unloading period improved the percentage of type I fibers, 
the fiber cross-sectional area, and oxidative enzyme activity, but cannot improve mass 
above that observed with 14 d passive recovery after disuse (106).  When focusing on 
resistance training paradigms following mechanical unloading, a great deal of the 
information came from rehabilitative research in elderly patients, particularly hip surgery 
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recipients.  While some have found increases in strength after surgery via resistance 
exercise training (95, 148, 185, 193), none of these studies quantified muscle mass or 
volume.  The study by Suetta et al. found that 12 wk resistance training after long-term 
disuse resulted in improved quadriceps area and strength over standard rehabilitation 
practices, as well as provided benefits to muscle morphology and architecture, maximal 
isometric strength, rapid muscle force, and muscle activation (205, 206).  Aging rodent 
studies have demonstrated that young animals lose more relative muscle mass during 28 
d casting (vs. older rats), but that the younger animals recovered more fully than the 
older animals, demonstrating an aging effect on resilience with disuse and recovery 
(235).  Therefore, if aging individuals can make marked improvements in muscle 
volume and strength following disuse by employing overload training principles, and 
young muscle has demonstrated a greater ability to grow, it is fully plausible that the 
correct exercise prescription during recovery can have a hypertrophic effect in young, 
healthy muscle.  Studies such as those above highlight muscle’s biological resilience, 
demonstrating that elderly individuals still have the capacity for hypertrophy, but aging 
research suggests that this may be impaired, at least in passive recovery. 
 
Repeatability 
While many researchers tout skeletal muscle as a ‘plastic’ tissue, we know 
surprisingly little about muscle’s capability to respond to repeat cycles of disuse.  To 
date, the field that best offers insight on repeatability is with exercise training/detraining 
studies (90, 91, 101, 102, 202). 
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In one study women were trained for 20 wk with resistance exercise, then 
detrained for 30-32 wk, and then had a second 6 wk retraining period. The initial training 
period resulted in increases in maximum dynamic strength, increased fiber diameter (of 
each myosin isoform), and a decrease in type IIx fibers.  Detraining did not affect CSA 
of any fibers but did alter the distribution of myosin- the percentage of type IIx fibers 
increased.  Retraining increased CSA and readjusted the percentage of type IIx fibers to 
the original proportions, but no markers of overall mass or volume were assessed (202).   
Hakkinen et al. carried out a study in middle-aged and elderly individuals that 
used 24 wk of resistance training (2x/wk) followed by either a 3 wk detraining period 
followed by 21 wk retrain or a 24 wk detraining period.  The main finding they 
discussed was that the 3 wk short-term detraining only led to minor changes (-6% 
change in maximum isometric force in middle-aged), whereas 24 wk prolonged 
detraining resulted in muscle atrophy with decreases in CSA, one repetition maximum, 
and isometric force measurements.  Retraining did not clearly lead to any improvements 
above detraining values (90).  In another study with elderly subjects, men and women 
trained for 24 wk (strength increased +49% vs. pre-training control), detrained for 24 wk 
(-18% strength vs. trained), and then had a 12 wk retraining period (+20% strength vs. 
detrained).  Strength changes during detraining were accompanied by increases in fat 
infiltration (assessed by density), with decreases after retraining.  Interesting, muscle 
volume did not change throughout the study (209), suggesting that the gains in strength 
were due to neural adaptations (For Review; (72)).   
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 In perhaps the best known study design to date that could discuss biological 
repeatability in muscle mass adaptations, Ogasawara et al. compared continuous 
resistance training (3x/wk) to a time-matched periodic resistance training (6 wk train, 3 
wk detrain, 6 wk retrain, 3 wk detrain, 6 wk retrain).  After the initial training period, 
CSA of the triceps brachii and pectoralis major muscles as well as the maximum 
isometric voluntary contraction and one repetition maximum of the elbow extensors 
were similar, noting that overall improvements to the same initial training were similar.  
The results for CSA of the triceps brachii, pectoralis major, one repetition maximum 
(elbow extension), and maximum voluntary contraction (elbow extension) is presented 
in Figures 1.4A-D, respectively. Whereas persistent gains are observed in Figures 1.4A-
D for continual training, net losses (albeit isometric strength was unchanged) of each 
measurement are observed for each detraining period.  The impact of 
detraining/retraining cycles did not impact the overall outcomes when compared to 24 
wk continuous training (157). 
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Figure 1.4. Evidence of Repeatability in Muscle in Response to 
Training/Detraining/Retraining.  Using 24 wk continuous resistance training (CTR) or 
24 wk of periodic resistance training (PTR), training effects measured include (A) % 
change in CSA of the triceps brachii, (B) % change in CSA of the pectoralis major, (C) % 
change in one repetition maximum (elbow extension), and (D) % percent change in 
maximum voluntary isometric contraction (elbow extension).  For PTR subjects, week 0-
6 was initial training, week 6-9 and 15-18 were detraining, and week 9-15 and 18-24 
were retaining.  Reprinted with permission from (157).   
    
Implications for physical training notwithstanding, this work offers clear 
evidence that muscle plasticity is a highly repeatable function and is closely driven by 
mechanotransduction.  Yet there is a paucity of supporting studies to further examine 
this phenomenon.  In fact, there is no known research that chronicles and rationalizes 
A B
C D
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skeletal muscle’s capacity to adapt to mechanical stimuli observed during multiple long-
duration bouts of unloading and recovery. Thus, there is a critical need in the fields of 
not only manned spaceflight and other catabolic conditions resulting from muscular 
unloading, but also muscle biology- to demarcate the plasticity and repeatability of 
skeletal muscle to respond to unloading, reloading, and overloading.  It is with this goal 
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II. IMPACT OF MULTIPLE BOUTS OF LONG-DURATION UNLOADING AND 
RECOVERY ON SKELETAL MUSCLE 
Synopsis 
 Mechanical unloading, particularly that experienced during spaceflight, has long 
been understood to contribute to rapid and substantial adaptations within skeletal 
muscle. Previous works have often demonstrated that many of the alterations resulting 
from mechanical disuse are reversed with a reintroduction of load, and have supported 
the concept of muscle plasticity and biological resilience.  This study sought to challenge 
the range of muscle plasticity through exposure to repeat bouts of mechanical loading 
changes, similar to what an astronaut might experience over the course of several 
missions throughout a career. Male Sprague-Dawley rats were assigned to one of the 
following groups: 28 d of disuse through hindlimb unloading (HU), 28 d of HU followed 
by 56 d of normal 1 g recovery (HU+REC), two unique bouts of HU with recovery 
between (HU+REC+HU), animals undergoing two full cycles of unloading and recovery 
(HU+REC+HU+REC), and an age-matched control group (CON).  Following the 
completion of their final time point, muscles of the lower limb (gastrocnemius, soleus, 
and plantaris) were collected for study.  Muscle weights and cross-sectional areas were 
reduced following 28 d of mechanical loading, with no notable differences between HU 
and HU+REC+HU.  With few exceptions, all three muscles fully recovered their masses 
to CON values following 56 d of normal ambulation.  Mixed muscle protein synthesis 
rates directly coincided with mass and loading condition, with no apparent changes due 
to repeated alterations.  Myofibrillar protein synthesis was unchanged by load in the 
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soleus muscle, but both the gastrocnemius and plantaris muscles demonstrated consistent 
reductions following 28-d unloading bouts.  Challenging muscle plasticity, muscle 
collagen concentrations were found to be higher following the second unweighing period 
and remained elevated following 56 d of recovery.  Notably, amino acid availability was 
assessed in the gastrocnemius and did not contribute to muscle atrophy associated with 
mechanical unloading.  We conclude that muscle’s anabolic responses to alterations in 
mechanical loading are preserved throughout multiple perturbations, but repeated 
periods of unloading may cause additive strain to muscle structure (collagen). This study 
provides the first known evidence that repeatability is a component of muscle plasticity.   
 
Introduction 
 Rapid and substantial musculoskeletal atrophy remains one of the greatest 
physiological limitations of manned space exploration.  Mechanical unloading during 
long-duration (≥ 14 d) microgravity exposure results in reductions in muscle volume 
(128, 234) and strength (8, 211), and previous interventions have been unable to fully 
mitigate these losses (218).  Muscle adaptations to spaceflight at the cellular level 
include reduced muscle fiber size and contractile properties (228), a myosin heavy chain 
shift towards a faster isoform (218), and a predisposition to sarcolemma damage upon 
reloading (122, 163).  Many researchers agree that muscle atrophy and strength 
reductions are the result of a negative protein turnover due to decreased muscle protein 
synthesis, confirmed with astronaut data (203) and supported by human ground-based 
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analogs of spaceflight  (58, 80) as well as in-flight (4, 183) or ground-based rodent work 
(64).   
 While there is a paucity of information on the physical and physiological 
alterations to skeletal muscle of astronauts returning from long-duration spaceflight, 
various models have helped shape our understanding of muscle’s recovery from 
microgravity.  Most human work shows full recovery of muscle area/volume with 
adequate time (175), and appears to be supported by animal models (23, 168, 226).  
Fiber size (26) and contractile properties (189, 226) return with adequate time, and the 
fiber type distribution recovers to pre-unloading values (43).  And finally, muscle 
protein synthesis rates are elevated soon upon the onset of reloading and is maintained 
throughout the recovery process (210).  Overall, it appears that skeletal muscle recovers 
to pre-flight characteristics with adequate reloading, although these findings may not 
persist in aging tissue (207).     
 Much of the previous works studying astronaut physiology during and following 
spaceflight agree with the concept of muscle plasticity.  First described in 1959, muscle 
plasticity denotes muscle’s inherent ability to substantially, swiftly, and specifically alter 
its form and function in response to a change in stimuli (55).  Observations during initial 
exercise studies have largely shaped our understanding of muscle plasticity and 
responses to training (41, 81, 98, 182), whereas research detailing the time-course and 
effects of disuse atrophy in various clinical situations (29, 54, 57, 108) exhibit the 
opposing end of the plasticity spectrum.  The breadth and complexity of muscle 
plasticity are detailed in Table 1 of the thorough review by Flück and Hoppeler (62), but 
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little is known about the skeletal muscle effects of repeated (and opposing) alterations to 
stimuli.  Questioning muscle’s biological resilience (capacity for change) or repeatability 
(ability to replicate previous changes) has been briefly explored through 
training/detraining/retraining studies (102, 202), but little disuse work has been 
attempted.  To date, only two studies have studied muscle’s response to multiple 
unloadings and recoveries (86, 196), but neither work expanded their findings beyond 
simple muscle wet mass measures. 
 The intent of the current study was to characterize the sequential responses of 
repeated long-duration mechanical unloading and passive recovery on muscle mass, 
morphometry, and anabolism.  We opted to utilize the well-accepted rodent model of 
hindlimb unloading to elicit rapid and severe muscle atrophy, for a duration deemed 
sufficient for complete atrophy (194, 216), and gave the animals adequate time to fully 
recover muscle mass to pre-unloading mass (196).  Based on previous works (6), we 
believe that muscle will generally respond predictably and consistently with each 
unloading and reloading period, at least within tissue types, in which unloading (first and 
second disuse bout) will result in atrophy, and reloading (via passive ambulation) will 
result in a full recovery of mass and composition.  This work seeks to first reaffirm the 
field’s previous findings on plasticity in response to mechanical unloading, then discern 
the capacity of biological resilience as well as determine if muscle outcomes observed 
during unloading and recovery are repeated with subsequent changes in load. 
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Materials and Methods 
Animals 
 All procedures described herein were approved by and conducted in accordance 
with the Institutional Animal Care and Use Committee of Texas A&M University.  Male 
Sprague-Dawley rats (Harlan Laboratories Inc, Houston, Texas) were selected for this 
study and obtained at 5.5 months of age.  Animals were group-housed for 2 wk in a 
standard environment (23ºC ± 2ºC, 12:12 h dark/light cycle) and given water and 
standard rodent chow ad libitum.  The Teklad 8604 chow (Harlan Laboratories Inc, 
Indianapolis, Indiana) supplied 3.0 kcal/g, was comprised of 54% carbohydrates, 32% 
protein, and 14% fat, and provided sufficient micronutrients to support normal growth.  
Following transport recovery and acclimation, all animals were singly-housed, 
normalized by body weight, and assigned to one of the following groups: 1) 28 d of 
constant hindlimb unloading (HU, n = 16), 2) 28 d HU session immediately followed by 
a 56 d recovery bout of normal ambulation (HU+REC, n = 16), 3) two HU cycles of 28 d 
with a 56 d recovery bout between unloadings (HU+REC+HU, n = 16), 4) two 
alternating cycles of 28 d HU and 56 d recovery (HU+REC+HU+REC, n = 14), and 5) 
an age- and housing-matched control group (CON, n = 14).  Figure 2.1 illustrates the 
experimental design.  Body weights were recorded weekly, and twice-daily health 
checks were carried out to ensure each animal was healthy and loaded appropriately.   
In order to prevent any effects due to food consumption (proven to affect body and 
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Fig. 2.1. Study I Experimental Study Design.  Hindlimb Unloading (HU) was achieved 
via a tail suspension harness and carried out continuously for 28 d, and Reloading (REC) 
was carried out by passive recovery through normal cage ambulation. 
 
muscle masses), all animals were pair-fed during the first week of each unloading 
period. 
 At the conclusion of the study, each animal was anesthetized with 
ketamine/xylazine (100 mg·kg
-1
 & 10 mg·kg
-1
, respectively) prior to tissue harvest.  All 
animals that were non-weight-bearing at their final time point (HU, HU+REC+HU) were 
anesthetized prior to removal from their tail suspension, in order to prevent any 
undesired consequences that could come with weight-bearing.  Cardiac puncture was 
used to draw approximately 2 - 4 ml of whole blood under anesthesia, using a Serum 
Separator Tube (Becton, Dickinson and Company, Franklin Lakes, New Jersey).  Blood 
samples were gently inverted five times to activate clotting, allowed to rest at room 
temperature for 30 min, centrifuged at 1,200 g for 30 min in order to collect blood 
serum, which was then stored at -80 °C.  Cardiac puncture was immediately followed by 
euthanasia via decapitation, and removal of the tibia as well as the gastrocnemius, 
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soleus, and plantaris muscle of each hindlimb.  Tibiae were cleaned of soft tissue and 
stored in 70% ethanol at 4 °C, and the gastrocnemius, soleus, and plantaris muscles were 
excised, cleaned of extraneous blood, fat, and connective tissue, weighed and recorded, 
and finally snap-frozen in liquid nitrogen before -80 °C storage. 
 
Hindlimb Unloading 
 Simulated microgravity was accomplished through the use of hindlimb unloading 
(HU), a well-published ground-based analog to spaceflight (For Review; (149)) 
commonly utilized by our group to study muscle atrophy (50, 63, 64, 118).  Tail 
harnesses were attached 24 h prior to each suspension period and removed for each 
recovery bout.  Animals were briefly anesthetized with 2% isofluorane (US 
Pharmacopia, Rockville, Maryland) in order to attach the custom tail harness.  A thin 
layer of non-irritant adhesive (Amazing Goop, Eclectic Products, Los Angeles, 
California) was generously applied around the base of the tail, and was firmly attached 
to porous athletic tape (Kendall, Mansfield, Massachusetts) and allowed to dry.  The 
athletic tape attached to the base of the tail (~2.54 cm of contact) on each lateral side and 
extended ~15.24 cm distally, where each end of the tape connected and joined a paper 
clip.  The animal was allowed to recover from anesthesia and wore the harness while 
ambulating normally.  On Day 0 of each unloading period the paper clip of the harness 
was then attached to a swivel apparatus overhead that was connected to a steel bar 
bisecting the top of the custom-built 45.72 cm x 45.72 cm x 45.72 cm cage.  When 
attached, the animal’s hindquarters would be elevated high enough that they could not 
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come in contact with the floor of the cage, resulting in a 30° head-down tilt and complete 
disuse of the hindlimbs.  The steel bar allowed for nearly complete movement about the 
cage with the forelimbs, but prevented the animal from resting its rear quarters on the 
walls.   This system did not inhibit the rats’ ability to feed, drink, or groom.   
 On Day 28 of HU, animals reaching their final time point were anesthetized, 
removed from HU, and subjected immediately to tissue harvest. Animals that would 
continue on to a reloading bout were anesthetized, had their harnesses removed, and 
allowed full ambulation throughout their 56 d recovery session before being harvested 
(HU+REC & HU+REC+HU+REC) or subjected to a second unloading (HU+REC+HU).  
Any animal found out of its harness during a health check was immediately removed 
from the study, as were animals facing any sort of health concern.  Overall, the study 
maintained a 95% success rate in animals completing each 28 d HU bout.   
 
Peripheral Quantitative Computed Tomography 
 Peripheral Quantitative Computed Tomography (pQCT) scans were carried out 
immediately prior to tissue harvest, and allowed for both in vivo measures and ex vivo 
supporting data.  Under the aforementioned ketamine/xylazine anesthesia, animals were 
firmly secured and had their left lower limbs scanned on a Stratec XCT Research-M 
device (Norland Corp., Fort Atkinson, Wisconsin) calibrated with a hydroxyapatite 
standard cone phantom.  A custom 3D-printed brace (ABS polymer) was used to prevent 
movement of the lower limb during the scanning procedure.  Total tibia length was first 
recorded by the machine, and then the left lower hindlimb was scanned in vivo at a rate 




with a voxel resolution of 100 µm
2
 and a scanning beam thickness of 500 
µm.  Two slices were scanned at 50% tibia length (middiaphysis), 1 mm apart, and were 
later assessed for total limb cross-sectional area (CSATOT), muscle tissue CSA (CSAMM), 
and fat (both subcutaneous and intramuscular) CSA and percentage.  Excised tibiae were 
scanned ex vivo when necessary to determine tibia length for normalized mass analyses 
(see Results). 
Scan images were analyzed using Stratec software (ver. 6.00, Norland Corp., 
Fort Atkinson, Wisconsin).  The software, originally designed for bone research and 
clinical assessments, was adjusted to allow for skeletal muscle measurements using 
methods revised from other works (174). Standardized analysis schemes were utilized 
for all muscle acquisitions.  A region of interest was established around the entire limb 
circumference, and specific values were discerned through image filters and density 
thresholds available with the XCT550 software.  Limb cross-sectional area (CSATOT) of 
the midshaft was determined with a Calcbd analysis (outer threshold of -101 mg·cm
-3
, 
contour mode 1, peel mode 2, inner threshold of 40 mg·cm
-3
, and visualized with filter 
F03F05F05), which the software determined as the total area assessed, and additional 
analyses allowed for the determination of the muscle cross-sectional area (CSAMM) and 
fat cross-sectional area (CSAFAT).  The software also computes a “trabecular area” (all 
tissues with densities < 40 mg·cm
-3
) in this case representing fat and bone marrow area 
(CSAFAT&MARROW) and “cort-subcort area” (all tissues with densities > 40 mg·cm
-3
) 
indicative of bone, muscle, and skin area.  Additional analyses were used to remove the 
bone, marrow, and skin values.  Bone and marrow (CSABONE&MARROW) was calculated 
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(outer threshold of 710 mg·cm
-3
, inner threshold of 710 mg·cm
-3
), with “trabecular” 
values representing marrow total area (CSAMARROW) and “cort-subcort” determined bone 
tissue area of the tibia and fibula of each slice (CSABONE).  Finally, skin area (CSASKIN) 
was isolated from CSATOT with a Cortbd analysis (outer threshold of -101 mg·cm
-3
, 
separation mode 4, inner threshold of 2000 mg·cm
-3
). Collectively, these analyses 
provided the following data: 
CSATOT, CSA of the entire limb at the midshaft of the tibia 
CSAMM = CSATOT – (CSAFAT&MARROW + CSABONE + CSASKIN) 
CSAFAT = CSAFAT&MARROW - CSAMARROW 
%FAT = CSAFAT / CSATOT 
Each slice was analyzed individually and then averaged for each animal.   
 
Collagen 
Collagen concentration was measured by quantification of the collagen-specific 
amino acid hydroxyproline via High Performance Liquid Chromatography (HPLC) 
using previously published methods (33, 166).  Approximately 10 mg of pulverized 
gastrocnemius muscle was carefully cleaned of extraneous collagen fibers, weighed, 
freeze-dried for 36 h and then reweighed to provide a dry weight and water 
concentration measure.  Samples were derivatized and injected onto an HPLC (LC-
20AB and SIL-20, Shimadzu Scientific Instruments, Columbia, Maryland) and separated 
on an XTerra RP 18 column (Waters, Milford, Massachusetts).  Hydroxyproline samples 
were normalized to an internal standard and compared with a standard curve (33).  
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Unless otherwise noted, all chemicals were obtained from Sigma Aldrich (St. Louis, 
Missouri). 
 
Intramuscular Amino Acid Concentration 
 Individual concentrations of 29 amino acids commonly found in the skeletal 
muscle cytosolic pool were assessed with ultra-performance liquid chromatography 
(UPLC) using techniques previously described (27).  In short, 500 mg of pulverized 
gastrocnemius tissues were homogenized using a Polytron (Brinkmann Lab Equipment, 
Westbury, New York) in 3 ml 1.5 M perchloric acid, vortexed, and centrifuged until 
pelleted.  The supernatants (containing the cytosolic pool) were neutralized with 2 M 
potassium carbonate (1:1 v/v) and lipid extracted with diethyl ether (1:3 v/v), vortexed, 
and the ether layer removed.  The lipid-free samples were filtered through 0.2 µm 
polycarbonate syringe filters and derivatized with o-phtaldialdehyde before analyzed on 
a UPLC (Waters Corporation, Milford, Massachusetts).  Identification and quantification 
of amino acids was accomplished using external standards.  Samples were analyzed in 
triplicate. 
 
Measurement of Protein Synthesis 
 Twenty-four hour fractional synthesis rates (FSR) for the mixed (total) and 
myofibrillar (contractile) fractions were assessed in the gastrocnemius, soleus, and 
plantaris muscles using deuterium oxide (
2
H2O) incorporation techniques well-described 
by our lab (76, 156).  Animals were given a bolus dose of 99.9% deuterium oxide 
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(Cambridge Isotopes, Andover, Massachussetts) in a saline solution (0.9% NaCl) via 
intraperitoneal injection (20µl·g
-1 
body weight) 24 h prior to tissue harvest.  The priming 
bolus was supplemented with 4% 
2
H2O drinking water provided ad libitum to maintain 
enrichment during the final 24 h of the study.  FSR was determined by measuring the 
levels of 
2
H incorporation into the muscle protein and the precursor pool, described in 
detail below. To isolate the myofibrillar subfraction for FSR, differential centrifugation 
was employed using methods detailed elsewhere (156).  Pulverized skeletal muscle (~60 
mg) was homogenized with a Polytron in a 0.4 ml Norris buffer (25 mM Hepes, 25 mM 
benzamidine, 10 mM magnesium chloride (MgCl2), 5 mM β-glycerophosphate, 4 mM 
EDTA, 2 mM phenylmethanesulfonylfluoride (PMSF), 0.2 mM ATP, 0.5% protease 
inhibitor cocktail P8340 (v/v), 0.1% Triton-X 100 (v/v), 10 mM activated sodium 
orthovanidate (Na3VO4), and 100 mM sodium fluoride (NaF); pH 7.4).  Each sample 
rested on ice for 1 h before centrifugation at 30,000 g for 30 min at 4 °C.  The pellet, 
containing the myofibrillar subfraction, was then prepared identically to the mixed 
fraction samples. 
 Sample preparation for total protein FSR was determined in the mixed 
subfraction as previously described by our lab (76).  Both pulverized mixed muscle 
tissues (~30 mg) and myofibrillar pellets were homogenized with a Polytron in 0.3 ml of 
10% (w/v) trichloroacetic (TCA) acid.  Samples were centrifuged at 5,000 g for 15 min 
at 4 °C, the supernatant (containing free, unbound amino acids) was decanted and 
removed, 0.3 ml TCA added to the pellet and vortexed until broken down, and the wash-
spin step repeated two additional times.  After the third and final wash step the protein-
27 
bound pellet was dissolved in 0.4 ml of 6 N hydrochloric acid for 24 h at 100 °C.  100 µl 
of the hydrolysate was dried down and derivatized with 100 µl of a 3:2:1 (v/v/v) solution 
of methyl-8 (N,N-Dimethylformamide dimethyl acetal, Thermo Fisher Scientific, 
Waltham, Massachusetts), methanol, and acetonitrile for 1 h at 70ºC.  Derivatized 
samples were injected into a GCMS (Agilent 7890 GC & 5975 VL MSD, Agilent 
Technologies, Santa Clara, California) using previously described parameters (74, 75).  
All muscle samples were analyzed in triplicate and calculated from a linear regression 
formula generated by known 
2
H-alanine standards (0-2.0% 
2
H-alanine:alanine) prepared
identically to the sample procedure. 
Deuterium (
2
H) enrichment of the available precursor pool was determined by
quantifying 
2
H2O-enriched serum based on a linear regression formula generated by
deuterium standards identically prepared.  A 20 µl serum sample was allowed to react 
with 2 µl of 10 N sodium hydroxide and 4 µl of a 5% (v/v) acetone in acetonitrile 
solution at room temperature for 24 h. Then, ~0.5 g sodium sulfate decahydrate was 
added as a drying agent, and 0.6 ml chloroform was introduced to the sample to stop the 
isotopic exchange between 
2
H2O-enriched serum samples and acetone.  A small aliquot
(1 µl) was injected into the GCMS, volatilized, separated, and detected using methods 
detailed in earlier publications by our lab (74, 75, 156).  All serum samples were 
prepared and measured in duplicate, and the average value used in FSR calculations. 
FSR was calculated using the following equation: 
FSR = EA · [EBW x t(d) x 3.7)
-1
 x 100,
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where EA represents the amount of protein-bound 
2
H-alanine (mole percent excess), EBW 
is the quantity of 
2
H2O in the precursor pool (mole percent excess), t(d) designates the 
total time of incorporation (in days), and 3.7 represents the exchange coefficient  of 
2
H 
between body water and alanine (e.g. 3.7 of 4 carbon-bound hydrogens of alanine 
exchange with water (49)). 
 
Statistical Analysis 
 All analyses were carried out using SigmaStat v3.5 (Systat Software Inc., San 
Jose, California).  A one-way analysis of variance (ANOVA) was used to compare 
groups, and when significant F-ratios were present a Student-Newman-Keuls (SNK) post 
hoc procedure was used to test differences among group means.  Significance levels 
were predetermined at p < 0.05.  For all results described in this study, groups sharing a 
similar letter are not significantly different (p ≥ 0.05) and exact p values may be 




Skeletal Muscle Mass, Body Weight, and Body Composition 
 As expected, 28 d of hindlimb unloading (HU) resulted in significant (p < 0.05) 
reductions in mass in the gastrocnemius (72% of control mass), soleus (46%), and 
plantaris (80%) muscles, as shown in Figures 2.2A-D. 
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Fig. 2.2. Study I Muscle Mass (Absolute).  Muscle wet mass for the (A) gastrocnemius, 
(B) soleus, and (C) plantaris tissues, as well as (D) percent change from control for each 
tissue type. Values are means ± SE.  Bars displaying similar letters in each graph are not 
significantly different from one another. 
 
And as previous works (23, 232) have suggested, 56 d of passive recovery through 
normal cage ambulation following long-duration disuse was sufficient loading to return 
muscle mass to control values (p ≤ 0.05) for the gastrocnemius (98% of control) and 
plantaris (99%), although the HU+REC soleus did fail to recover to control values 
(89%).  Animals exposed to a second bout of unloading (HU+REC+HU) had lower 
muscle mass in all three sural tissues, and to the same extent as the animals exposed to a 
single unloading period (HU).  Finally, all muscles were at control values after the 
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 To determine if the muscle atrophy observed was a result of body mass 
alterations, final time point body weights were recorded and presented in Figure 2.3D, 
and gastrocnemius, soleus, and plantaris muscle masses were normalized by body weight 
(Figures 2.3A-C, respectively).  Body masses were reduced in HU and HU+REC+HU to 




Fig. 2.3.  Study I Muscle Mass (Relative to Body Weight).  Endpoint data for muscle 
mass normalized by body weight (g muscle ∙ g body weight-1) for the (A) gastrocnemius, 
(B) soleus, and (C) plantaris tissues, when assessed by (D) body weight (g). Values are 
means ± SE.  Bars displaying similar letters in each graph are not significantly different 
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 As body weights were expected to differ between groups, final tibia length was 
selected as a marker indicative of body size (but not altered by changes in mechanical 
loading conditions in adult rodents) and muscle masses were normalized by tibia length 
(g muscle mass ∙ mm tibia length-1).  Some differences in mean tibia length were 
observed among groups, as presented in Figure 2.4D.  HU animals revealed significantly 
shorter tibiae, though only a mean difference of 2.3% vs. CON.  Animals in the 
HU+REC+HU+REC treatment had the longest mean tibia length, that while not different 
from CON or HU+REC groups, were significantly different than HU (3.1% difference) 
and HU+REC+HU (2.2%).   
 Muscle mass, when observed relative to tibia length, produced similar 
results to the values of body weight-normalized mass and identical findings 
presented for absolute values (Figures 2.4A-C).  HU observed reduced muscle 
weights (gastrocnemius, soleus, and plantaris) that were comparable to those that 
occurred during HU+REC+HU, and while the gastrocnemius and plantaris 
returned to CON values in both recovery groups (Figures 2.4A & 2.4C), the 
soleus muscle (Figure 2.4B) failed to fully recover during the first reloading 
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Fig. 2.4.  Study I Muscle Mass (Relative to Tibia Length).  Endpoint data for muscle 
mass normalized by bone length (g muscle∙ mm tibia length-1) for the (A) gastrocnemius, 
(B) soleus, and (C) plantaris tissues, as well as (D) in vivo tibia lengths. Values are means 
± SE.  Bars displaying similar letters in each graph are not significantly different from 
one another. 
 
In vivo pQCT scans of the lower limb were analyzed at the midshaft of the tibia 
(representative image in Figure 2.5D) to discern the effects of changes in mechanical 
loading on limb CSA (Figure 2.5A), muscle CSA (Figure 2.5B), and fat percentage 
(Figure 2.5C).  The plastic brace to prevent movement during pQCT measurements is 
shown in the representative image for the HU+REC+HU animal (bottom left scan; 
Figure 2.5D).  Limb CSA and muscle CSA results are consistent with all of the mass 
A B
C D
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data above.  Fat percentage (determined as CSAFAT ∙ CSALIMB
-1
) was highest among 
control animals and lowest among HU+REC+HU rats.   
 
 
Fig. 2.5.  Study I Peripheral Quantitative Computed Tomography (pQCT) 
Morphometry.  In vivo assessments of the lower limb (at 50% tibia length) were taken 
just prior to sacrifice and evaluated for (A) limb CSA, (B) Muscle CSA, and (C) Fat 
Percent, Figure (D) poses representative scans of experimental groups (top line: HU, 
HU+REC; bottom line: HU+REC+HU [with brace], HU+REC+HU+REC, and CON).  
Values are means ± SE.  Bars displaying similar letters in each graph are not significantly 
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Gastrocnemius Water and Collagen Content 
 A small aliquot of gastrocnemius wet muscle was weighed, desiccated, and 
reweighed to determine muscle water concentration, and is displayed in Figure 2.6.  
Water percent was lower in HU and HU+REC+HU compared to HU+REC+HU+REC 
and CON, and HU+REC was not different than any other group.   
 
 
Fig 2.6. Study I Muscle Water Content. Muscle weights were taken before and after 
desiccation to determine water concentration.  Values are means ± SE.  Bars displaying 
similar letters in each graph are not significantly different from one another.   
 
Collagen concentration was quantified in the gastrocnemius muscle using 
hydroxyproline concentrations determined using HPLC techniques.  Muscle collagen 
was not elevated due to a singular event of long-duration unloading, but was increased 
(83% increase vs. CON) following the repeat bout of unweighting.  Muscle collagen 
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concentrations returned to non-significant values in the HU+RE+HU+REC group (vs. 
CON), although there was a 43% difference among these groups.   
 
Fig. 2.7.  Study I Gastrocnemius Collagen Concentration.  Collagen concentration 
assessed in the gastrocnemius by quantifying hydroxyproline content per mg wet tissue.  
Values are means ± SE.  Bars displaying similar letters in each graph are not significantly 
different from one another. 
 
Gastrocnemius Cytosolic Amino Acid Profile 
 Individual concentrations of 29 amino acids were measured in the free 
pool of the gastrocnemius as an indication of amino acid availability and to 
investigate which (if any) essential amino acids appeared to rate-limit muscle 
anabolism during mechanical unloading.  Presented in Table 2.1, no essential 
amino acids are reduced by long-duration unloading, and 
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Table 2.1. Study I Gastrocnemius Cytosolic Amino Acid Profile.   Cytosolic amino 
acid composition determined by UPLC.  Values are means ±  SE.  Data displaying 


















































Histidine 0.1535 ± 0.0138 0.1717 ± 0.0076 0.1614 ± 0.0079 0.1532 ± 0.0103 0.1594 ± 0.0100
Lysine 0.2528 ± 0.0445 0.2910 ± 0.0194 0.2553 ± 0.0313 0.2975 ± 0.0328 0.2647 ± 0.0266
Methionine 0.0439 ± 0.0082 0.0296 ± 0.0034 0.0380 ± 0.0024 0.0281 ± 0.0045 0.0248 ± 0.0031










Threonine 0.3514 ± 0.0801 0.3776 ± 0.0175 0.3593 ± 0.0223 0.3932 ± 0.0336 0.3784 ± 0.0256
Tryptophan N/A N/A N/A N/A N/A
Other Common
Alanine 2.1768 ± 0.1937 2.2515 ± 0.0923 2.0905 ± 0.1146 2.1624 ± 0.1591 2.3031 ± 0.1205
Arginine 0.1130 ± 0.0273 0.1073 ± 0.0057 0.1137 ± 0.0146 0.1099 ± 0.0145 0.0944 ± 0.0098
Asparagine 0.2977 ± 0.0327 0.4832 ± 0.1594 0.5618 ± 0.2710 0.4206 ± 0.0933 0.4548 ± 0.1467










Cysteine N/A N/A N/A N/A N/A










Glutamine 4.3383 ± 0.2829 4.7407 ± 0.2745 4.7276 ± 0.4532 4.9578 ± 0.3956 4.8488 ± 0.4000
Glycine 2.8103 ± 0.2395 2.4545 ± 0.1025 2.8013 ± 0.1810 2.4735 ± 0.1844 2.4305 ± 0.1862










Serine 0.4917 ± 0.0360 0.5577 ± 0.0217 0.5413 ± 0.0311 0.5614 ± 0.0408 0.5581 ± 0.0422
Tyrosine 0.1014 ± 0.0125 0.0954 ± 0.0044 0.1046 ± 0.0066 0.0885 ± 0.0075 0.0867 ± 0.0048
All Other
3-Methylhistidine 0.0632 ± 0.0096 0.0643 ± 0.0049 0.0560 ± 0.0089 0.0685 ± 0.0098 0.0650 ± 0.0057
α-Aminobutyric Acid 0.5510 ± 0.0388 0.4763 ± 0.0241 0.5513 ± 0.0515 0.5155 ± 0.0507 0.4904 ± 0.0292










β-Alanine 0.1384 ± 0.0089ab 0.1298 ± 0.0039a 0.1511 ± 0.0069b 0.1235 ± 0.0031a 0.1284 ± 0.0052a
Carnosine 2.1357 ± 0.1699 2.3507 ± 0.1015 2.3833 ± 0.1192 2.3497 ± 0.156 1.9775 ± 0.0758
Citrulline 0.2080 ± 0.0226 0.2368 ± 0.0108 0.2182 ± 0.0172 0.2455 ± 0.0202 0.2335 ± 0.0145








































Taurine 17.9230 ± 1.5208 15.5782 ± 0.6011 16.8416 ± 0.8655 14.3525 ± 1.0718 14.6455 ± 0.7223
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only 2 of the 29 amino acids were below control values (aspartate and ornithine) 
in HU or HU+REC+HU, but neither was consistently reduced in both disuse 
groups.  Notably, the concentrations of the branched-chain amino acids 
(isoleucine, leucine, and valine) were elevated (72-117%) in the unloaded 
animals, compared to all loaded groups. 
 
Muscle Protein Synthesis 
 Muscle anabolism was evaluated by following the incorporation of a stable 
labeled isotope (deuterium oxide) into muscle tissue over the final 24 h of each animal’s 
final loading condition.  The method allows for quantification of the mixed (Figure 2.8) 
and myofibrillar (Figure 2.9) fractions in each of the study tissues. 
 The mixed (total) FSR presented in Figures 2.8A-C display the 24 h synthesis 
rates in the (A) gastrocnemius, (B) soleus, and (C) plantaris muscles.  All three muscles 
exhibit significant reductions of FSR over the final 24 h period of unloaded animals (HU 
and HU+REC+HU), and demonstrate that mixed FSR after 56 d of ambulatory recovery 
was similar to mixed FSR in controls.  
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 Fig. 2.8. Study I 24 h Mixed Fractional Synthesis Rates.  Deuterium oxide 
tracer methods were used to quantify 24 h cumulative mixed FSR in the (A) 
gastrocnemius, (B) soleus, and (C) plantaris muscles.  Values are means ± SE.  Bars 
displaying similar letters in each graph are not significantly different from one another. 
 
 Figures 2.9A-C provide the myofibrillar (contractile) fractional synthesis rates 
observed during this study.  Myofibrillar FSR was not different (vs. CON) by any 
loading condition in the soleus muscle (Figure 2.9B), but 28 d of hindlimb unloading 
demonstrated lower myofibrillar FSR in both the gastrocnemius (Figure 2.9A) and 
plantaris (Figure 2.9C) muscles.  There were no differences between HU and 
HU+REC+HU rates for either muscle, and HU+REC was identical to control levels, but 
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Fig. 2.9. Study I 24 h Myofibrillar Fractional Synthesis Rates.  Deuterium oxide 
tracer methods were used to quantify 24 h cumulative myofibrillar FSR in the (A) 
gastrocnemius, (B) soleus, and (C) plantaris muscles.  Values are means ± SE.  Bars 
displaying similar letters in each graph are not significantly different from one another. 
 
Discussion 
 While numerous works have outlined the impact of mechanical unloading on 
skeletal muscle mass, composition, and anabolism (For Review; (1, 61, 161)), fewer 
works have delved into the same details with regards to the reversal of these effects 
during recovery after unloading, and there are no known studies to follow these findings 
throughout multiple perturbations in mechanical loading status beyond that of wet mass 
measure (86, 196).  In the current study, we sought to challenge the notion of muscle 
plasticity by invoking a study design to produce a known atrophic response, allow ample 
A 
CB
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time to make a full recovery, and then repeat these conditions of mechanical unloading 
and reloading.  The aim of this study was to establish biological resilience (capacity to 
change) and repeatability (similar responses to repeated stimuli) as functions of muscle 
plasticity to mechanical loading.  For the first time, we provide evidence that changes in 
muscle mass due to mechanical loading are replicable throughout serial bouts of disuse 
and recovery in response to repeated anabolic reactions to load conditions, but 
morphological changes (collagen, in the present study) may challenge muscle plasticity. 
 
Muscle Mass and Cross-Sectional Area is Plastic and Repeatable 
 Spaceflight data in rats has demonstrated that there are fiber type- and 
biomechanical-associated factors in regards to degree of atrophy, with the entire 
plantarflexor complex more predisposed to disuse atrophy than similar muscles 
positioned on the anterior compartment of the lower limb, and the predominantly slow-
twitch soleus having greater losses compared to the mixed- and fast-twitch compositions 
of the gastrocnemius and plantaris, respectively (111, 159, 217).  The soleus and 
gastrocnemius have relatively normal EMG activity during HU, whereas the tibialis 
anterior (TA) muscle has 2- to 4-fold increases in activity over that same timeframe (3), 
which may help explain why the TA may be better preserved compared to the 
plantarflexors.  Previous work by our colleagues has demonstrated a full recovery of 
mass from 28 d of hindlimb unloading was achieved with 14 d of ambulatory recovery in 
the plantarflexor group (6).  This information is strongly supported by the muscle mass 
data presented in Figures 2.2A-D.  Twenty-eight days of hindlimb unloading (HU) 
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resulted in substantial losses of muscle mass in the gastrocnemius (Figure 2.2A), soleus 
(B), and plantaris (C), but these weights returned to control values at the completion of a 
56 d recovery period of ambulatory reloading (HU+REC), with one exception.  
Additionally, when a second bout of mechanical disuse was added to the experiment, the 
losses in muscle mass observed during HU+REC+HU were similar to those during the 
single unloading bout (HU), and was again fully returned to control muscle masses with 
a 56 d reloading period (HU+REC+HU+REC).  When expressed as its respective change 
from control (Figure 2.2D), the soleus muscle observed the greatest losses during HU 
and HU+REC+HU (45.6% and 45.9% of CON, respectively).  As the rat soleus muscle 
is comprised of ~87% slow-twitch, type I myosin heavy chain (10), there is rationale for 
it to sustain greater losses during mechanical unloading compared to the mixed-fiber 
gastrocnemius (71.8% and 76.3% of CON) and fast-twitch plantaris (80.4% and 78.5%) 
muscles.  Interestingly, the present data indicate that soleus absolute mass did not 
recover to CON values in HU+REC, but did reach control values in the 
HU+REC+HU+REC group.  This might suggest that there is incomplete recovery with 
56 d of ambulatory recovery following the first HU, but there are no other data presented 
in the study to corroborate this proposition.   
 To determine if changes in body mass impacted muscle masses, we then opted to 
evaluate tissue weight based on body weight.  Body weight (Figure 2.3D) was 
significantly reduced in each unloading bout and returned to control values with each 
recovery period.  Relative muscle masses [muscle wet weight · (body weight/100)
-1
] for 
each tissue type was identical to the findings presented for absolute muscle masses, and 
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alleviated the anomaly observed in HU+REC for the absolute soleus mass.  While not 
directly assessed in this study, food intake during unloading and recovery was taken into 
consideration.  Unloaded animals were pair-fed with ambulatory rats during the first 
week of each suspension period, and previous works by Allen et. al have reported that 
food intake was unchanged during the early portion of unloading and then was actually 
elevated during Weeks 2-4 of unloading (vs. CON) (5).  Another paper reported that 
food intake did decrease, albeit not significantly, during the early phases of unloading in 
mice (31).  We therefore conclude that changes in body masses are due to physiological 
alterations rather than nutritional deficits, and similarly, that muscle atrophy during 
unloading is not due to caloric constraints. 
 Because body weights were known to fluctuate during prolonged mechanical 
unloading, we also decided to normalize muscle mass by tibia length, a variable not 
known to change during unloading or recovery parameters.  Muscle mass (relative to 
tibia lengths) are presented in Figures 2.4A-C, and tibia lengths are presented in Figure 
2.4D.  Relative muscle weights match the absolute mass values identically, 
demonstrating the same reductions in mass with unloading in each tissue 
(gastrocnemius, soleus, and plantaris) are recovered with ambulatory reloading.  
Remarkably, mean tibia length was lowest in the two unloading groups, with only the 
HU animals having a significantly lower tibia length than control.  This was likely due to 
poor randomization during the group assignments, as male rates are considered 
skeletally mature around 5-6 m of age, with minimal long bone growth (6, 112), and 
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there are no known studies to suggest that mechanical disuse contributes to a change in 
tibia length or growth.   
 One major contribution of this study was to use peripheral Quantitative 
Computed Tomography (pQCT) to assess muscle parameters in vivo in the rat.  
Commonly utilized to study outcomes in bone (5, 6, 15), pQCT has been used to study 
limb CSA, muscle CSA, and muscle density in humans (174), but to our knowledge, has 
not been used in this capacity in rodents.  Limb CSA and muscle CSA (Figures 2.5A and 
B, respectively) are qualitatively identical to the previously discussed muscle weight 
data, and suggest that alterations in muscle mass may be determined in vivo in rats by 
assessing cross-sectional areas from scan slices of the middiaphysis.  The implications 
for this would allow for serial measures of muscle alterations without terminating the 
animal, and could greatly decrease the number of animals necessary for certain research 
studies assessing alterations in muscle mass.  Further works should confirm these 
findings and seek to model a correlative measure of pQCT morphometry to specific 
muscle masses with high confidence.  Additionally, the pQCT determined the percentage 
of fat present in the slices measured, and is presented in Figure 2.5C.  All groups 
demonstrated a reduction in their fat percentages when compared to CON, suggesting 
that a single unloading bout may result in marked losses of limb (and potentially whole-
body) adipose tissue that does not fully recover with 56 d of ambulation.  In fact, a 
second unloading period further compounds this loss of fat tissue relative to the limb 
area.  Considering the points made above in regards to body weight during unloading, 
our work collectively suggests that the reductions in body weight observed during 
  44  
 
hindlimb unloading are not due to caloric restriction, but do result in preferential losses 
in fat tissue.  LeBlanc et al. report that while fat loss in humans was observed on shorter, 
17 d missions in space, they did not observe changes on the long-duration 16-28 wk 
shuttle and Mir missions (128).  Collectively, all of the aforementioned findings on 
muscle mass and CSA reaffirm muscle plasticity and support the proposal of biological 
repeatability in muscle. 
 
Muscle Collagen is Elevated and Persistent Following a Second Disuse Period  
The changes observed in gastrocnemius muscle water concentration (Figure 2.6) 
may contribute to the changes in muscle mass previously described, and several groups 
have similarly reported either increased protein concentration or decreased water 
concentration in atrophied muscle following mechanical unloading (109, 110, 152). 
 Muscle collagen concentration was quantified by hydroxyproline detection via 
HPLC, and is provided in Figure 2.7.  The increase in collagen concentration observed in 
HU+REC+HU persists, albeit not significantly (vs. CON) in the HU+REC+HU+REC 
group.  Previous works have shown increases in intramuscular collagen concentrations 
in rats during mechanical unloading or spaceflight (139, 147) which has been shown to 
compromise muscle function (83).  While these findings occurred with a single bout and 
we found no such increase in our HU group, this may be due to specific muscle and 
spaceflight nuances, as Haus et al. observed their increased collagen concentration in 
their bed rest study but not in their unilateral leg suspension work (96).  This finding also 
disagrees with the concept of muscle plasticity and suggests disconnects in biological 
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repeatability.  Clinically, this work may highlight functional risks for career astronauts 
or other populations plagued with serial periods of long-duration disuse. 
 
Changes in Muscle Mass Coincide with Plastic and Repeatable Anabolism 
Changes in muscle mass are due to the chronic muscle protein turnover, which is 
the culmination of muscle protein synthesis rates (FSR) and muscle protein degradation, 
or fractional breakdown rates (FBR).  True quantification of FBR is difficult to 
accomplish with current methodologies due to the nuances of assessing bygone 
molecules, and qualitative markers of FBR were not utilized in the current study.  While 
catabolic markers and protein degradation are rapidly elevated at the onset of mechanical 
unweighting (215, 221), several studies indicate that FBR returns to control or even 
depressed levels during long-duration unloading (1, 78, 214).  Focusing on anabolism’s 
role on regulating muscle mass during repeated disuse and recovery, we opted to utilize 
a 24 h measure of muscle protein synthesis via deuterium oxide, which can effectively 
detect anabolic responses during a longer assessment window (74, 76, 124, 156), and 
more readily presents muscle anabolism in a free-living state, which is valuable as FSR 
is known to be severely impacted by a number of stimuli, including feeding (73), stress 
(144), and sleep (164).  The mixed (total) FSR for gastrocnemius, soleus, and plantaris 
muscles is presented in Figures 2.8A-C, respectively.  Each muscle demonstrates 
considerable reductions in FSR in the HU group, with the greatest reduction present in 
the soleus muscle (68.5% of CON FSR).  FSR recovers fully to CON values in the 
HU+REC group, strongly supporting the notions of muscle plasticity and biological 
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resilience, and demonstrates that muscle mass is tightly coupled to muscle anabolism 
measures in a free-living state.  The study further embraces muscle plasticity in the 
subsequent unloading and recovery groups, with HU+REC+HU values for mixed FSR 
being depressed vs. CON to rates similar to those observed during HU.  Likewise, mixed 
FSR in HU+REC+HU+REC is not different than HU+REC or CON values.  To our 
knowledge, no published works to date have demonstrated muscle’s repeated anabolic 
responses to serial changes in chronic loading conditions.   
 The late-stage values for muscle mass following chronic disuse or recovery may 
possibly be accomplished almost completely by alterations in muscle anabolism, which 
may indicate that catabolism’s role in shaping muscle mass during loading stimuli may 
be at the initial onset of said condition, if at all.  Further works should determine the 
status of catabolic markers on the end-point Day 28 of unloading and Day 56 of 
reloading.      
  The contractile component of skeletal muscle- the myofibrillar fraction, is 
presented in Figure 2.9A-C for the study tissues.  The gastrocnemius and plantaris 
myofibrillar responses are similar to those presented in the mixed fraction, and are 
shown in Figures 2.9A and 2.9C, respectively.  A ULLS study carried out over 10 and 
20 d of single leg disuse demonstrated reduced quadriceps myofibrillar FSR at Day 10 
that was similarly depressed at Day 20, suggesting a rapid decline that plateaus after Day 
10 (39).  The soleus (Figure 2.9B) showed no change in myofibrillar synthesis rates 
throughout the study.  While the explanation for this is not inherently clear, the 
perseverance of myofibrillar FSR in highly oxidative tissue may lie in its mitochondrial 
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responses to unloading.  In work by Taillandier et al., 21 d of hindlimb suspension in rats 
contributed to increased mitochondrial density (13.2% vs. 9.6% CON; p < 0.05), 
particularly interfibrillar mitochondria (11.1% vs 7.2% CON; p < 0.05).  More recent 
work found that 7 d of unloading in mice resulted in decreased mitochondrial yields, but 
only in the subsarcolemmal fraction (223).  Similar work in the gastrocnemius found 
reduced mitochondria following 28 d of mechanical unloading (134), which may suggest 
a protective mechanism in the soleus that maintains high or even elevated mitochondrial 
densities to support locomotion and/or maintenance of contractile elements, arguably a 
robust preventative measure to maintain some semblance of tone in a high-activity 
postural muscle.  So while mass is lost and closely tied to total protein synthesis rates in 
the soleus, compensatory mechanisms on the anabolic side of protein turnover may 
prevent myofibrillar atrophy. 
  
Reductions in Anabolism and Muscle Mass are not due to Reduced Amino Acid 
Availability 
The final highlight of this study is that this work appears to be the first known 
findings of free amino acid concentrations in the cytosol of unloaded skeletal muscle.  
We hypothesized that at least one essential amino acid would be significantly reduced 
during HU and HU+REC+HU in the gastrocnemius cytosol, suggesting a rate-limiting 
juncture of skeletal muscle protein synthesis.  Contrary to our prediction, we observed 
the highest concentrations of the branched-chain amino acids (isoleucine, leucine, and 
valine) in the unloaded groups.  This observation led us to the work by J. Bohé et al., in 
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which they determine that human muscle protein synthesis correlates with the essential 
amino acid concentrations found in blood, not intramuscularly.  They conclude by 
suggestion that oversaturation of intracellular essential amino acid concentrations may 
slow protein synthesis via reduced membrane sensing of extracellular amino acid 
availability, which may inhibit protein synthesis signaling generated by extracellular 
amino acids  (18).  As meals rich in leucine (and the other branched-chain amino acids) 
are known to stimulate protein synthesis (117), and the work by McDonald et al. 
establishes that steady-state muscle blood flow is not inhibited during hindlimb 
unloading (142), this may collectively suggest that exercise during disuse is required to 
not only stimulate normal anabolic machinery, but to help reduce intracellular essential 
amino acid concentrations in order to become more receptive to amino acid- and insulin-
dependent increases in mRNA translation.  Alternatively, the presence of cytosolic 
amino acids in the face of reduced FSR in unloaded tissue may also suggest that 
diminished FSR is due to factors beyond amino acid availability, and will be discussed 
later in this Dissertation.  Regardless, intracellular amino acid concentrations appear to 
respond in a plastic and repeatable manner to mechanical unloading and reloading.   
 
Conclusion 
 This is the first known work to investigate if disuse atrophy and recovery affects 
muscle plasticity in a repeatable manner. These findings may be significant because its 
information not only yields immediate value to NASA via operational strategies, post-
flight rehabilitations, and even astronaut crew selection, but may also advance our 
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overall understanding of muscle biology.  The concept of muscle plasticity, while well-
established, may now need to consider the repeatability of muscle’s responses to various 
chronic stimuli, which was carried out in this study via a novel animal that allowed for 
the first known work to assess muscle anabolism with repeat bouts of unloading and 
reloading.  So far, we were able to confirm our hypothesis that muscle can fully recover 
from each catabolic insult without any considerable or permanent alterations in muscle 
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III. CELLULAR SIGNALING OF MUSCLE PROTEIN TURNOVER FOLLOWING 
MULTIPLE BOUTS OF UNLOADING AND RECOVERY 
Synopsis 
 Muscle protein turnover is a delicate balance between anabolism and catabolism, 
with both being dictated by a cadre of signaling cascades.  This study elucidated the 
expression of key regulatory proteins of muscle protein synthesis, degradation, and 
apoptosis, using a unique experimental design generated to test if muscle’s responses 
chronic changes in mechanotransduction is replicated through serial alterations in 
mechanical unloading and reloading.  Male Sprague-Dawley rats (n = 76) were assigned 
to the following groups: animals undergoing 28 d of hindlimb unloading (HU), animals 
performing 28 d of HU followed by 56 d of passive recovery from unloading via normal 
ambulation (HU+REC), animals experiencing 28 d HU, 56 d REC, and then a second 28 
d unloading (HU+REC+HU), animals performing two full unloading bouts with full 
recovery from each (HU+REC+HU+REC), and age-matched controls (CON).  At the 
end of the study, the gastrocnemius muscles from each animal were removed and tested 
for signaling patterns of key regulatory proteins via immunoblotting.  Key findings 
include: end-point translation signaling closely resembles the muscle protein synthesis 
data from Section II- mostly via the PI3K/Akt/mTOR pathway and the final regulating 
protein of elongation, and protein catabolism and apoptosis at late unloading (steady-
state disuse) does not agree with previous studies’ reportings on expression.  
Collectively, this work is the first to suggest that muscle mass homeostasis at the later 
stages of long-duration unloading is highly coupled to 24 h assessments of muscle 
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protein synthesis, and that this relationship is highly conserved through serial chronic 
undulations between mechanical unloading and reloading.         
 
Introduction 
Muscle plasticity has been studied extensively.  Discussed in Section II, we 
explored muscle plasticity (ability to rapidly and precisely change to adapt to specific 
stimuli) in response to sustained changes in mechanical load; long-duration disuse 
atrophy and recovery from unload-related insults, focusing on muscle mass, structure, 
and anabolism.  We expanded current muscle biology principles by defining biological 
resilience (capacity for change) and biological repeatability (aptitude to replicate 
previous changes) with a novel experimental design to produce serial periods of atrophic 
disuse and hypertrophic recovery from said disuse, and found that muscle plasticity is 
repeatable in muscle mass and anabolism, but may have shortcomings in muscle 
structure. 
 Skeletal muscle is determined by the culmination of muscle protein synthesis and 
muscle protein breakdown.  During mechanical unloading, as observed during 
spaceflight, denervation, or casting injury, rapid changes in mechanosignaling contribute 
to decreases in muscle protein synthesis (151) and increases in muscle proteolysis (213), 
and result in substantial losses in muscle mass (6).  Some of the ramifications of severe 
muscle atrophy include decreased strength (77, 220), altered functional properties (30, 
56, 238), and an increased risk of muscle-related injury (122, 163), among countless 
others that result in a diminished functional capacity and quality of life.  Most human 
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work shows full muscle mass/volume recovers with adequate time following the 
cessation of unloading (175), and appears to be supported by animal models (23, 168, 
226), although some work suggests complete recovery may be tissue-dependent (196).  
Recovery after unloading appears to include elevated anabolism (208), and decreased 
catabolism and apoptosis (210), though some argue that catabolism is elevated to 
facilitate tissue remodeling (7, 222).  Our work is the first to investigate muscle 
anabolism or catabolism in serial bouts of chronic and opposing loading states.     
The control mechanisms for these pathways are complex and often shared at 
various regulatory sites.  Muscle anabolism is governed, in part, by the PI3K-Akt-mTOR 
and MAPK pathways (For Review; (48) and (188), respectively), and three different 
pathways account for protein catabolism in muscle (107).  We have previously 
demonstrated the sensitivity of these pathways to alterations in mechanical impact (50, 
124, 155), but not with steady-state unloading that also included successive recovery.  
Using the well-accepted rodent model of disuse atrophy (150), we designed a thorough 
cross-sectional study to assess the functional status of these regulatory proteins to 
discern if the losses of muscle mass are tightly coupled to protein signaling for synthesis, 
degradation, and apoptosis.  The ramifications of this work on clinical situations are 
immense- as therapies or interventions derived from the present study could immediately 
improve quality of life and alleviate morbidities for at-risk populations of muscle-
wasting conditions (29, 54, 57, 108). 
 In this study we wanted to elucidate the regulation of the anabolism and muscle 
mass discussed in Section II.  To do so we employed immunoblot techniques to assess 
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the expression of key proteins of muscle anabolism, catabolism, and apoptosis under the 
conditions detailed in the first study.  We hypothesized that alterations of muscle 
anabolism would be consistent with changes of key signaling cascades in response to 
altered mechanical load status, and that catabolism and apoptosis signaling would also 
reflect changes of muscle mass during unloading and reloading.    
 
Materials and Methods 
Animals 
 All animal procedures described in this study were approved by the Institutional 
Animal Care and Use Committee of Texas A&M University.  Male Sprague-Dawley rats 
(Harlan Laboratories Inc, Houston, Texas) were purchased at 5.5 months of age and 
allowed to acclimate to the vivarium for 2 wk in group-housing in a standard 
environment (23ºC ± 2ºC, 12:12 h dark/light cycle) and given water and standard rodent 
chow ad libitum.  At the completion of the acclimation period, all animals were 
normalized by body weight and singly-housed after being assigned to one of the 
following groups: 1) animals undergoing 28 d of chronic hindlimb unloading (HU, n = 
16), 2) 28 d of HU immediately followed by removal of the HU harness and allowed 56 
d of ambulatory recovery (HU+REC; n = 16), 3) 28 d HU period, 56 d REC period, and 
then a second 28 d unloading period (HU+REC+HU; n = 16), 4) two complete cycles of 
unweighting and recovery (HU+REC+HU+REC; n = 14), and age- and housing-matched 
controls (CON; n = 14).  The study design is represented in Figure 3.1. 
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Fig. 3.1. Study II Experimental Study Design.  Hindlimb Unloading (HU) was 
achieved via a tail suspension harness and carried out continuously for 28 d, and 
Reloading (REC) was carried out by passive recovery through normal cage ambulation.   
 
Animal weights were recorded each week, and health checks were performed twice per 
day to confirm each animal’s health as well as loading condition.  Animals were pair-fed 
(unloading vs control) during the first week of each unweighting bout. 
 Each animal was harvested on the final day of their last load condition.  




xylazine), animals were 
sacrificed via decapitation and prepared for tissue harvest.  Animals whose end-point 
was a non-weight-bearing condition (HU & HU+REC+HU) were anesthetized prior to 
removal from the unloading apparatus to ensure no unwarranted weight-bearing would 
take place.  The left gastrocnemius muscle of each rat was excised, cleaned of 
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Hindlimb Unloading 
Mechanical disuse was accomplished via hindlimb unloading (HU), a well-
accepted model of disuse and ground-based analog to spaceflight (For Review; (149).  A 
more detailed description of the methods is described above in Section II.  Briefly, 
animals were anesthetized (2% isoflurane [US Pharmacopia, Rockville, Maryland]) to 
attach the custom harness with non-irritating adhesive and porous athletic tape to the 
base of the tail.  The harness extended 15.24 cm distally along the lateral sides of the 
tail, culminating in a paper clip that would allow attachment to the overhead apparatus 
to allow unloading.  Tail harnesses were attached 24 h prior to each suspension period 
and removed for each recovery bout.  The animal would awaken from anesthesia and 
wear the harness while ambulating normally.  On Day 0 of each disuse period the paper 
clip would be attached to the overhead swivel attached to a steel bar bisecting the top of 
each animal’s custom HU cage.  When attached, the animal’s hindquarters would be 
elevated high enough that they could not come in contact with the floor of the cage, 
resulting in a 30° head-down tilt and complete disuse of the hindlimbs.  The steel bar 
allowed for nearly complete movement about the cage with the forelimbs, but prevented 
the animal from resting its rear quarters on the walls.   This system did not inhibit the 
rats’ ability to feed, drink, or groom, but contributes to similar physiological effects of 
microgravity due to a cardiovascular fluid shift (94) and a substantial reduction in lower 
limb muscle activity (173).   
On Day 28 of HU, rats reaching their final time point (HU & HU+REC+HU) 
were anesthetized, removed from HU, and subjected immediately to tissue harvest 
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described above. Animals that would continue on to a reloading bout were anesthetized, 
had their harnesses removed, and allowed full ambulation throughout their 56 d recovery 
session before being harvested (HU+REC & HU+REC+HU+REC) or subjected to a 
second unloading (HU+REC+HU).  Any animal found out of its harness during a health 
check was immediately removed from the study, as were animals facing any sort of 
health concern.  Overall, the study maintained a 95% success rate in completing each 28 
d HU bout.   
 
Immunoblotting 
 Immunoblotting was carried out on the cytosolic-rich fraction of the 
gastrocnemius muscle.  To isolate this fraction we employed methods detailed elsewhere 
(155).  Briefly, differential centrifugation was carried out in 60 mg of pulverized 
gastrocnemius muscle tissue.  The sample was homogenized with a Polytron 
(Brinkmann Lab Equipment, Westbury, New York) in 0.4 ml ice-cold Norris buffer (25 
mM Hepes, 25 mM benzamidine, 10 mM MgCl2, 5 mM β-glycerophosphate, 4 mM 
EDTA, 2 mM PMSF, 0.2 mM ATP, 0.5% protease inhibitor cocktail P8340 (v/v), 0.1% 
Triton-x 100, 10 mM activated Na3VO4, and 100 mM NaF; pH 7.4).  Samples were 
allowed to rest for 1 h on ice before centrifugation at 30,000 g for 30 min at 4ºC.  The 
supernatant (the cytosolic-rich fraction) was decanted and saved for determining protein 
expression.       
A small (10 µl) aliquot was used to determine protein concentration 
quantification via bicinchoninic acid (BCA) assay (199), and 60 µg of protein was 
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selected for each sample to ensure even loading and qualitative analyses.  Samples were 
randomly selected and blocked by gel to ensure a minimum n = 2 for each group was 
represented on each gel, and location within each gel was randomized to minimize any 
potential bias.  Samples were added to 4x Laemmli buffer (123) and denatured at 100 °C 
before being loaded onto 4-15% gradient polyacrylamide gels (Lonza, Switzerland) for 
protein separation via 1 h SDS-PAGE (40 mA in standard electrode buffer [25 mM Tris, 
19.2 mM glycine, 0.1% SDS (w/v)]) and a 45 min semi-dry transfer (350 mA) onto a 
nitrocellulose membrane, 5% (w/v) non-fat dry milk in tris-buffered saline (m-TBS) was 
used to block the membrane before primary antibody incubation.  MuRF1 and MAFbx 
were acquired from ECM Biosciences (Versailles, Kentucky), and all remaining 
antibodies described herein were purchased from Cell Signaling Technology (Beverly, 
Massachusetts).  The following proteins were assessed for total content, and when 
applicable, for phosphorylation content of key sites: Akt (phosphorylated at Ser473), 
mTOR, rpS6 (Ser235/236), 4E-BP1 (Thr 37/46), eIF4E (Ser209), ERK1/2 
(Thr202/Tyr204), eEF2k (Ser366), eEF2 (Thr56), Ubiquitin, FoxO3a, MuRF1, MAFbx, 
Bcl-2, and Bax.  Membranes were incubated in the appropriate antibody dilution 
(typically 1:1000) in m-TBS overnight with gentle agitation at 4 °C.  Membranes were 
washed three times in 1x TBS for 5 min each, then incubated in the appropriate (anti-
rabbit or anti-mouse) secondary antibody (1:2000) in m-TBS for 1 h with gentle 
agitation at room temperature.  Blots were washed a second time, followed by a 5 min 
incubation with enhanced chemiluminescence (Thermo Fisher Scientific), and were 
detected using an Alpha Innotech (San Leandro, California) imaging system.  Bands 
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were developed with a CCD camera and optical densities were determined using Alpha 
Innotech’s AlphaEase FC software, which was automatically set to remove non-specific 
binding from densitometry values.  All bands were normalized by the average density of 
the CON animals’ band (minimum n = 2 per blot) to allow qualitative comparisons 
between membranes, and when necessary Ponceau S staining was used as a loading 
control (178), arguably a stronger correction method (2).  Ubiquitin was assessed as the 
entire band to capture total ubiquitination levels.  All values are displayed as Integrated 
Density Values (IDV) to provide qualitative comparisons. 
 
Statistical Analysis 
 All analyses were carried out using SigmaStat v3.5 (Systat Software Inc., San 
Jose, California).  A one-way analysis of variance (ANOVA) was used to compare 
groups, and a Student-Newman-Keuls (SNK) post hoc procedure was used to test 
differences among group means when significant F-ratios were present.  Significance 
levels were predetermined at p < 0.05.  For all results described in this study, groups 
sharing a similar letter are not significantly different (p ≥ 0.05) and exact p values may 
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Results 
Expression of Anabolic Markers Involving Peptide Chain Initiation 
  Akt was assessed by the phosphorylation status of Ser473 (Figure 3.2), and was 
found to be higher (p < 0.05) in the HU and HU+REC animals compared to CON, but 
were not different (p ≥ 0.05) from the repeat unloading or recovery groups 
(HU+REC+HU & HU+REC+HU+REC).    
 
 
Fig. 3.2. Study II Expression of Akt (Ser473).  Immunoblot of the anabolic protein Akt 
in the gastrocnemius.  Assessed as phosphorylated protein to total.  Values are means ± 
SE.  Bars displaying similar letters in each graph are not significantly different from one 
another. 
 
Total mTOR expression was determined and is presented in Figure 3.3.  Total 
content of the anabolic regulator was lower (p < 0.05) in each disuse group, but not 
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similarly, as HU < HU+REC+HU < CON.  Only the first recovery period (HU+REC) 
returned to control levels, and total mTOR content in HU+REC+HU+REC muscle was 
higher than CON (p < 0.05). 
 
 
Fig. 3.3. Study II Expression of Total mTOR.  Immunoblot of the anabolic protein 
mTOR in the gastrocnemius.  Assessed as total protein.  Values are means ± SE.  Bars 
displaying similar letters in each graph are not significantly different from one another.   
 
 The negative regulator of mRNA translation initiation that is a direct substrate of 
mTOR, 4E-BP1 (Figure 3.4)- was not different among groups.  Notably, 4E-BP1 
activity was 23.8% lower in HU (vs. CON; p = 0.27) and HU+REC+HU was reduced by 
26.9% vs. control (p = 0.22).  
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Fig. 3.4. Study II Expression of 4E-BP1 (Thr37/46).  Immunoblot of the anabolic 
protein 4E-BP1 in the gastrocnemius.  Assessed as phosphorylated protein to total.  
Values are means ± SE.  Bars displaying similar letters in each graph are not significantly 
different from one another.   
  
 A positive regulator of anabolic function that is also directly activated by mTOR 
is S6K1, which phosphorylates its downstream target rpS6 when activated.  rpS6 
activation (Figure 3.5) appears to be tightly coupled to the muscle mass and muscle 
protein synthesis presented in Section II.  HU and HU+REC+HU have lower expression, 
while content of this important factor is similar to control in the recovery groups 
(HU+REC = HU+REC+HU+REC = CON).   
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Fig. 3.5. Study II Expression of rpS6 (Ser235/Ser236).  Immunoblot of the anabolic 
protein rpS6 in the gastrocnemius.  Assessed as phosphorylated protein to total.  Values 
are means ± SE.  Bars displaying similar letters in each graph are not significantly 
different from one another.   
 
eIF4E, a protein whose availability may be the best-characterized regulatory step 
of mRNA translation at the level of peptide chain initiation, is presented in Figure 3.6 
with its phosphorylation and total expression ratio.  While no statistically significant 
differences were detected, HU and HU+REC+HU were found to have expression values 
of 62.4% and 65.6% of CON (p = 0.16 and 0.26, respectively).  
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Fig. 3.6. Study II Expression of eIF4E (Ser209).  Immunoblot of the anabolic protein 
eIF4E in the gastrocnemius.  Assessed as phosphorylated protein to total.  Values are 
means ± SE.  Bars displaying similar letters in each graph are not significantly different 
from one another.   
 
 Largely independent of the P13K-Akt-mTOR signaling pathway, the MAP 
kinase signaling cascade has been purported to support anabolism under some 
conditions (65), particularly as it involves the extracellular-regulatable kinases ERK1/2.  
No differences were observed for the phosphor/total ratio among groups in this study 
(Figure 3.7), but HU and HU+REC+HU activity appeared lower than CON (p ≥ 0.05). 
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Fig. 3.7. Study II Expression of ERK1/2 (Thr202/Tyr204).  Immunoblot of the 
anabolic protein ERK1/2 in the gastrocnemius.  Assessed as phosphorylated protein to 
total.  Values are means ± SE.  Bars displaying similar letters in each graph are not 
significantly different from one another.   
 
Protein Expression of Regulators of mRNA Translation Peptide Chain Elongation 
 The ratios of phosphorylated to total eEF2k are presented in Figure 3.8, and its 
downstream target- eEF2, is shown in Figure 3.9.  Significant differences were not 
detected among groups in either protein, when assessed as a ratio of phosphorylated to 
total protein content.   
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Fig. 3.8. Study II Expression of eEF2k (Ser366).  Immunoblot of the elongation protein 
eEF2k in the gastrocnemius.  Assessed as phosphorylated protein to total.  Values are 
means ± SE.  Bars displaying similar letters in each graph are not significantly different 
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Fig. 3.9. Study II Expression of eEF2 (Thr56).  Immunoblot of the elongation protein 
eEF2 in the gastrocnemius.  Assessed as phosphorylated protein to total.  Values are 
means ± SE.  Bars displaying similar letters in each graph are not significantly different 
from one another.   
 
Expression of Regulators of Catabolism 
Four markers associated with catabolism (ubiquitin, FoxO3a, MuRF1, and 
MAFbx) are presented in Figures3.10-13, respectively.  No differences were detected 
among groups in Ubiquitin, FoxO3a, or MAFbx.  However, MuRF1 expression was 
lower in the HU group when compared to control.  That difference was not detected in 
HU+REC+HU.    
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Fig. 3.10. Study II Expression of Ubiquitin.  Immunoblot of the catabolism protein 
ubiquitin in the gastrocnemius.  Assessed as total protein.  Values are means ± SE.  Bars 
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Fig. 3.11. Study II Expression of FoxO3a.  Immunoblot of the catabolic protein 
FoxO3a in the gastrocnemius.  Assessed as total protein.  Values are means ± SE.  Bars 
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Fig. 3.12. Study II Expression of MuRF1.  Immunoblot of the catabolic protein MuRF1 
in the gastrocnemius.  Assessed as total protein.  Values are means ± SE.  Bars displaying 






  70  
 
 
Fig. 3.13. Study II Expression of MAFbx.  Immunoblot of the catabolic protein MAFbx 
in the gastrocnemius.  Assessed as total protein.  Values are means ± SE.  Bars displaying 
similar letters in each graph are not significantly different from one another.   
 
Expression of Apoptotic Markers 
 The apoptotic markers of Bcl-2 (Figure 3.14) and Bax (Figure 3.15) were 
assessed as prominent proteins involved with cellular apoptosis.  While HU appears to 
have higher Bcl-2 expression, no statistical differences were detected.  Conversely, Bax 
expression appears to be closely tied to loading conditions, as lower content was 
observed in HU and HU+REC+HU, while content in HU+REC and 
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Fig. 3.14. Study II Expression of Bcl-2.  Immunoblot of the apoptotic protein Bcl-2 in 
the gastrocnemius.  Assessed as total protein.  Values are means ± SE.  Bars displaying 
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Fig. 3.15. Study II Expression of Bax.  Immunoblot of the apoptotic protein Bax in the 
gastrocnemius.  Assessed as total protein.  Values are means ± SE.  Bars displaying 
similar letters in each graph are not significantly different from one another.   
 
Discussion 
 This work sought to expand upon the studies detailed in Section II, in which we 
determined that muscle plasticity (namely muscle anabolism and subsequently muscle 
mass) in response to changes in mechanical unloading and reloading appears to be 
replicable over a serial repeat in loading changes.  We report that skeletal muscle 
plasticity has a biological resilience and repeatability that allows for it to rapidly and 
substantially alter its form and function due to changes in mechanical stimuli.  In the 
current study, we utilized immunoblotting to visualize the upstream signaling of mRNA 
translation for peptide chain initiation and elongation, markers of the ubiquitin 
proteasome and autophagy/lysosomal catabolic systems, and apoptotic proteins.  For the 
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first time we demonstrate that the repeatable alterations in muscle anabolism at the 
completion of long-duration unloading and recovery appear to be supported by changes 
of protein expression.  We acknowledge that each of our time points is at the completion 
of either a 28 d unloading period or 56 d recovery, so while we may not capture the more 
robust signaling changes present at the onset of altered mechanical load, we believe we 
adequately represent the newly established steady-state levels for unloading (HU & 
HU+REC+HU) and their apparent return to control values following recovery 
(HU+REC & HU+REC+HU+REC = CON). 
 
Muscle mRNA Translation Peptide Chain Initiation Signaling Coincides with 
Mechanical Loading Status   
 Recent work has suggested that total mTOR content may be indicative of muscle 
protein synthesis (130), and is consistent with findings of the present study (Figure 3.3) 
since total mTOR was reduced (vs. CON) in both disuse groups when FSR and muscle 
mass were both reduced.  A reduction in total mTOR with unloading is also consistent 
with the work from Dreyer et al., who reported a reduction in total mTOR content in 
paraplegic Sprague-Dawley rats (47).  Unfortunately, protein synthesis was not 
measured in that study.  Although the models are not similar between the present study 
and the work by others (47), it supports the notion that total mTOR content plays a role 
in the anabolic potential of skeletal muscle.  We should note that previously published 
data appears to contradict that notion (167), but that study only carried out unloading for 
14 d and recovery for 7 d, and total mTOR was assessed via unconventional blotting 
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methods.  As the unloaded muscle may not have reached steady-state disuse, total 
mTOR may not be the ideal marker for assessing anabolism in that study (167).   
Protein synthesis is impeded by the eIF4E binding protein 1 (4E-BP1), which 
represses mRNA translation initiation by competitively inhibiting to eIF4E, preventing 
the assembly of eIF4F (For Review; (116)), which is critical for peptide chain initiation 
to occur.  The phosphorylation of 4E-BP1 not only relieves its inhibition on eIF4E, but 
also renders it as an inhibitor for other eIF4E complexes, so reduced ratios of 
phosphorylated:total expression of this important repressor may indicate reduced protein 
synthesis (19).  And while no statistical significance was determined for eIF4E, the 
apparent 25% reduction observed in each unloading group may indicate reduced 
polysome formation, and suggests that even subtle alterations in this ration (significant 
or otherwise) may have a profound influence on overall anabolic potential.  Additional 
work should determine if polysome density is affected in the HU and HU+REC+HU 
groups, and determine the prevalence of 4E-BP1-eIF4E complexes in this experimental 
design. 
 Ribosomal protein S6 (rpS6) is a known positive regulator of protein synthesis.  
More often analyzed in exercise studies than disuse conditions, rpS6 has repeatedly been 
found with higher phosphorylation status following resistance exercise (35, 79, 154), but 
has also been shown to be reduced by 14 d of hindlimb unloading in (137).  Figure 3.5 
clearly shows that rpS6 activity is closely associated with mechanical loading status and 
its signaling is reproducible, even with serial/subsequent changes in loading status.  In 
their review, Chaillou et al. postulate that rpS6 phosphorylation modifies ribosome 
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function and may actually alter myofibrillar protein synthesis by preferentially 
translating mRNAs for contractile proteins (34).  Further research is necessary to discern 
if the disconnect of unloading on myofibrillar protein synthesis by muscle type discussed 
in the previous Section (Figure 2.9) is supported by rpS6 phosphorylation status in the 
soleus muscle.    
     While phosphorylation of eIF4E at Ser209 is not believed to directly 
contribute to ribosome formation (146), another study reported that Ser209 
phosphorylation after formation of the 80s initiation complex may allow eIF4F to detach 
during elongation and more quickly become available for additional recruitment of the 
next initiation complex, even if it will be associated with different transcripts (186).  
Therefore, our data may be the first to suggest that mechanical disuse, as observed in our 
HU and HU+REC+HU animals, contributes to a subtle (p = 0.16 and p = 0.26) reduction 
eIF4E activity, which may suggest less efficient mRNA translation (Figure 3.6). 
 In 2006 we demonstrated that the MAPK (ERK) pathway is partially responsible 
for load-dependent changes in FSR, and its anabolic regulation seems to be independent 
of mTOR (65).  Phosphorylation of Thr202/Tyr204 activates ERK1/2 and contributes to 
formation of the translation initiation complex and protein synthesis.  While we failed to 
detect significant differences in ERK1/2 activity among loading conditions (Figure 3.7), 
we acknowledge this may be due to the fiber composition of the gastrocnemius.  In work 
by Dupont et al. in which rats were subjected to 7, 14, and 28 d of hindlimb suspension, 
a number of anabolic and catabolic signaling proteins were assessed in the soleus and 
extensor digitorum longus muscles.  While the phosphorylation of ERK1/2 was 
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decreased by mechanical unloading in the soleus, activity in the fast-twitch EDL was not 
significantly different than control at any time point (53).  It should be noted that the 
EDL does not atrophy during unloading due to its position on the tibia.  Therefore, we 
postulate that soleus muscles from this experiment may have significant reductions in 
ERK1/2 activity in the unloading groups, and that this may elucidate some of the 
rationale as to why the soleus muscle exhibits greater relative losses of mass (-54.4% 
and -54.1% vs. CON) than the gastrocnemius (-28.2% and -23.7% vs. CON) during HU 
and HU+REC+HU, respectively (Figure 2.2D).  Of potential interest, it has been shown 
that 10 d of casting followed by 30 d of recovery failed to alter ERK1/2 signaling at any 
point (36), which, when viewed in total, may suggest MAPK signaling during atrophy 
may be dependent on the type of disuse and subsequent signaling mechanisms.  While 
MAPK signaling may be a key modulator of muscle protein synthesis during normal or 
overloading conditions, this work may highlight the value of tissue-specific and atrophy 
source-specific differences in MAPK signaling during muscle atrophy due to mechanical 
unloading. 
 
eEF2 Relative Expression, but not eEF2k Relative Expression, Suggests that Translation 
Elongation Signaling may Correlate with Mechanical Load  
 Translation elongation is regulated by eEF2, and is inactivated by 
hyperphosphorylation by its kinase, eEF2k.  In turn, the phosphorylation of eEF2k 
inactivates the kinase, allowing for the decoding of the mRNA and the corresponding 
polypeptide assembly by the polysome.  In this study, neither eEF2k (Figure 3.8) nor 
  77  
 
eEF2 (Figure 3.9) demonstrated statistically significant differences among groups in the 
gastrocnemius, suggesting that elongation may not be a highly-regulated component of 
mRNA translation.  eEF2k activity appears to be fairly consistent with control activity, 
with HU+REC+HU being inexplicably higher than CON (p ≥ 0.05).   However, the 
+30.3% in eEF2 activity observed in the HU animals (vs. CON) and +56.9% increase in 
HU+REC+HU animals (p = 0.13) may indicate that eEF2 activity may correlate more 
strongly with muscle protein synthesis values during mechanical unloading and 
reloading.  There remains a paucity of information on the effects of microgravity or 
mechanical unloading on elongation factor phosphorylation relative to its total content, 
but the present study indicates that further investigation may be warranted. 
 
Long-duration Unweighting and Recovery Overcomes the Reported Robust Changes in 
Catabolic Signaling Markers at the Onset of Unloading and Reloading 
While not directly associated with muscle protein anabolism, per se, there 
appears to be a growing belief that the Ser473 site of Akt (activating Rictor and 
mTORC2) may play an important role in repressing the FoxO class of transcription 
factors, which in turn regulate ubiquitin ligases MuRF1 and MAFbx (184, 204).  
Phosphorylation of Akt at Ser473 has been studied in various atrophic models, 
demonstrating reduced phosphorylated:total expression following 10 d of hindlimb 
suspension, and an elevated ratio on Day 3 and Day 10 of recovery from disuse (141).  
In a paraplegic model, 10 wk of spinal denervation had a non-significant increase in Akt 
activity (47).  The elevated values in all groups observed in Figure 3.2 may indicate that 
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Rictor activity is maintained during disuse, or may be attempting to repress catabolic 
activity or remodeling.   
 Total FoxO3a is presented in Figure 3.11 with no differences among groups 
detected.  Total FoxO3a protein content was unchanged in the vastus lateralis of healthy 
men subjected to 20 d of ULLS (179).  Total FoxO3a was reduced with 14 d in rat soleus 
in one study (87), but was accompanied by greater reductions in the phosphorylation 
state of FoxO3a, resulting in greater ubiquitin signaling and increased atrophy.  Similar 
results (decreased phosphorylated FoxO3a) were recently found by Lawler et al., in 
which they saw a 50% reduction in the rat soleus within 54 h of hindlimb unloading 
(126).  Therefore, future efforts should be made to quantify alterations of 
phosphorylation status of FoxO3a under long-duration unloading and recovery as well as 
their potential impact on muscle protein anabolism. 
 Phosphorylation of FoxO3a by Akt (when activated by phosphorylation at 
Ser473) results in FoxO3a’s association with 14-3-3 proteins and its expulsion from the 
nucleus and confinement to the cytosol (25).  This prevents its ability to initiate ubiquitin 
ligase activity, including the muscle-specific E3 ubiquitin ligases MuRF1 and MAFbx 
(For Review; (16)).  Figure 3.12 and Figure 3.13 present the protein expression of 
MuRF1 and MAFbx, respectively, in the gastrocnemius muscle.  Total muscle content 
for ubiquitin was measured and presented in Figure 3.10.   Surprisingly MuRF1 was 
47% lower than control values in the HU group (p < 0.05), but was only 24% lower in 
the HU+REC+HU tissues (p ≥ 0.05), possibly suggesting a disconnect in muscle 
plasticity and repeatability.  No changes were detected among MAFbx groups or total 
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muscle ubiquitin protein content, demonstrating that these signals are not different 
among groups during steady-state disuse or complete recovery from disuse.  We 
postulate that our values may be altered had shorter unloading periods been assessed, as 
3 d rodent immobilization (casting) studies have demonstrated nearly 5-fold increases in 
MuRF1 and 4-fold increases in MAXbx mRNA expression, and increases in overall 
ubiquitin protein levels (179).  In a 20 d bed rest study in healthy men, total ubiquitin 
was 4-fold higher than pre-bed rest values, while MuRF1 displayed non-significant 
increases (~70%) and significant increases in MAFbx (~100%) (158).  MurF1 and 
MAFbx protein expression were also elevated in 14 d unloading studies in rat (87).  
Together with the work presented in this present study, it suggests the increases in 
catabolism during disuse are only prevalent in early-stage unloading, and do not appear 
to persist through 28 d unloading, which we discuss throughout the Dissertation as 
steady-state disuse.  Future directives should seek to verify and discern the data 
presented in this study to determine the impact of long-duration disuse and recovery, and 
evaluate whether repeat exposures alter these effects. 
 
Apoptotic Signaling During Steady-state Mechanical Unloading is not Explained by 
Early-Stage Unloading Signaling    
 The protein content for the anti-apoptotic Bcl-2 and the pro-apoptotic Bax are 
displayed in Figure 3.14 and Figure 3.15, respectively.  Fourteen day hindlimb 
suspension of young rats (6 m) resulted in increased Bax mRNA and protein content, 
with no changes observed in Bcl-2 mRNA but an increase in Bcl-2 protein content in the 
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gastrocnemius (198).  These findings differ from those reported in our study, in which 
Bcl-2 was not changed (although HU observed a 50% increase; p = 0.25 vs. CON) and 
Bax protein content was actually decreased during HU and HU+REC+HU when 
compared to recovery groups and control.  The increased Bax protein and decreased Bcl-
2 protein published by Siu et al. was corroborated by Propst et al., who found +117% 
increases in Bax protein and -18% reductions in Bcl-2 expression in the soleus of rats 
after 2 d of hindlimb suspension (165).  Interestingly, the same study actually saw a 
reversal of protein signaling as measured at Day 2 vs. Day 28 of hindlimb unloaded 
animals. Bax exhibited a -30% decrease and Bcl-2 a +95% gain.  They concluded that 
apoptotic signaling during mechanical unloading is biphasic, with pro-apoptotic 
signaling rising early and then declining with prolonged disuse.  If the transition occurs 
in the rat after Day 14 of hindlimb unloading, and knowing that apoptosis is correlated 
with muscle protein breakdown (131) , this notion strongly agrees with the findings of 
Thomason et al. (Fig. 2; (214)), that claim muscle protein degradation is rampantly 
increased from Day 0 to Day 14 in unloaded muscle, and then reduces to control levels 
by Day 21 of unloading and remains at a steady-state for the duration of the chronic 
unweighting.  Therefore, if apoptosis and protein degradation are reversed/slowed in 
steady-state disuse ( > 14 d unloading), this supports most of the protein expression 
detailed in our study, but not consistent with the Bcl-2 protein content in the 
HU+REC+HU animals of the present study, which may force us to question whether 
adaptations occuring with a single exposure to muscle atrophying events are 
reproducible with subsequent unloading periods.  To our knowledge, there are few data 
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published regarding degradation and apoptosis in unloading models lasting 28 d or more, 
so additional studies are needed to further characterize the impact of long-duration 
unloading, and perhaps to attempt to elucidate the timing and impetus for the switch 
from high apoptosis/high degradation to low apoptosis/low degradation states. 
 
Conclusion 
 The present study expanded on prior work on changes of muscle mass by 
exploring the signaling details taking place during serial bouts of long-duration 
unloading and reloading, and determine if the protein expression and/or activation (as 
predicted by phosphorylation state) supported the alterations in anabolism and mass 
featured in Section II.  In summary, muscle mass after 28 d of unloading seems to be 
strongly dependent on muscle protein synthesis, which is supported by diminished 
expression or activation of key anabolic signaling markers, rather than increased 
catabolism or degradation.  Remarkably, these signals are reversed at the completion of 
56 d of recovery from disuse when passive reambulation-no exercise recovery 
intervention was employed.  We highlight an apparent inverse relationship between 
apoptotic signaling and steady-state unloading, but more work is warranted to determine 
if protein homeostasis is normalized with prolonged exposure.  When biological 
repeatability of muscle protein signaling was tested, HU+REC+HU often responded 
similarly to the results of HU, and HU+REC+HU+REC mimicked the protein contents 
of HU+REC and CON (with few exceptions).    This study clearly demarcates the notion 
of muscle plasticity under changes in mechanical unloading and reloading, and future 
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studies should invoke mechanical overload (i.e. resistance exercise) to enhance the 
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IV. RESISTANCE EXERCISE DOES NOT IMPROVE RECOVERY FROM DISUSE 
OR PREVENT FUTURE UNLOADING ALTERATIONS 
Synopsis 
 Skeletal muscle homeostasis is directly tied to the stimuli acting upon it.  
Mechanical unloading and reloading have been shown to contribute to marked changes 
in muscle size, function, and composition, and our previous work has demonstrated that 
these effects are repeatable when exposed to additional bouts of disuse or recovery, 
which we consider important to understanding muscle biology and a novel finding.  In 
this study we supplemented our recovery group after 28 d disuse with a long-term 
resistance exercise program in an attempt to boost muscle recovery above that observed 
after passive reloading, and to determine which, if any, muscle responses to a second 
period of 28 d of unloading can be mitigated by pre-disuse exercise training.  Male 
Sprague-Dawley rats (n = 44) were normalized by size and placed in one of the 
following groups: 1) a 28 d unloading group that was followed by 56 d of recovery 
supplemented by resistance training (HU+EX), 2) animals undergoing long-duration 
unloading and training recovery prior to a second 28 d disuse period (HU+EX+HU), and 
3) a control group (CON).  At the end of the study muscles of the lower limb were 
removed and subjected to a variety of measures pertinent to muscle protein turnover and 
compared to the findings presented in early Sections.  Interestingly, the exercise 
prescription (compared to passive ambulation recovery) resulted in reduced 
gastrocnemius muscle weights and muscle cross-sectional area that was not wholly 
explained by protein anabolism measures.  In addition, there appeared to be no 
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improvements to muscle outcomes during a second period of disuse when preceded by 
resistance exercise training.  We conclude by commenting on the efficacy of the training 
program used, detail possible rationales for the data observed, and make suggestions on 
how future strategies may be able to better improve recovery from disuse.    
 
Introduction 
 The previous Sections have outlined the effects of mechanical unloading and 
reloading on muscle plasticity (ability for muscle to rapidly and specifically adapt to 
stimuli), and sought to establish biological resilience (capacity for change to stimuli) and 
biological repeatability (ability to replicate previous changes) as facets of plasticity.  In 
order to expand our characterization of biological repeatability, it was imperative to add 
a component of hyper-mechanotransduction (overload) to compare to the 
aforementioned unload and reload measures. 
Observations during initial exercise studies have largely shaped our 
understanding of exercise physiology and responses to training (41, 81, 98, 182).  We 
know that some acute adaptations to exercise training include improved anabolic 
signaling immediately post-exercise (11, 20, 230) that can culminate in hypertrophy with 
chronic training (89, 92, 212), but are completely lost upon the cessation of continued 
training (102, 202).  There is less information regarding exercise training following 
disuse or injury. In one study, 12 weeks of strength training following long-term disuse 
resulted in improved quadriceps area and strength over standard rehabilitation practices 
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(205), but another study indicated that muscle may be predisposed to training-induced 
injury after long-duration atrophy (163).   
The purpose of this study was to include resistance exercise to muscle recovering 
from long-term disuse, to examine how it would compare to normal ambulation 
recovery, as well as what impact it may have on an additional period of weightlessness.  
Using our rodent model of resistance exercise (66) to execute an exercise paradigm 
known to improve bone outcomes 1) after 28 d disuse and 2) mitigate losses in bone in a 
second 28 d unloading period (197), we hypothesize that a moderate-intensity, moderate-
volume resistance exercise program will improve muscle mass above that of passive 
recovery alone, but will not prove to have protective effects on a subsequent disuse 
period. 
 
Materials and Methods 
Animals 
 All procedures described herein were approved by and conducted in accordance 
with the Institutional Animal Care and Use Committee of Texas A&M University.  
Forty-four male Sprague-Dawley rats (Harlan Laboratories Inc, Houston, Texas) were 
selected for this study and obtained at 5.5 months of age.  Animals were group-housed 
for 2 wk in a standard environment (23ºC ± 2ºC, 12:12 h dark/light cycle) and given 
water and standard rodent chow ad libitum.  Following transport recovery and 
acclimation, all animals were singly-housed, normalized by body weight, and assigned 
to one of the following groups: 1) 28 d of constant hindlimb unloading immediately 
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followed by a 56 d recovery bout of normal ambulation supplemented with resistance 
exercise (HU+EX, n = 14), 2) 28 d of HU with a 56 d EX recovery period, followed by a 
second 28 d unloading period (HU+EX+HU, n = 18), and 3) an age- and housing-
matched control group (CON, n = 14).  Figure 4.1 demonstrates the groups added in this 
study and how they coincide with the experimental groups detailed in Section II. 
 
 
Fig. 4.1. Study III Experimental Study Design.  Hindlimb Unloading (HU) was 
achieved via a tail suspension harness and carried out continuously for 28 d, and 
Reloading (REC) was carried out by 56 d passive recovery through normal cage 
ambulation or with Reloading supplemented with Resistance Exercise (EX) performed 21 
times over the 56 d recovery period. 
 
Body weights were recorded weekly, and twice-daily health checks were carried out to 
ensure each animal was healthy and loaded appropriately.  In order to prevent any effects 
  87  
 
due to altered food consumption (proven to affect body and muscle masses), all control 
animals were pair-fed to HU rats during the first week of each unloading period. 
 At the conclusion of the study, each animal was anesthetized with 
ketamine/xylazine (100 mg·kg
-1
 & 10 mg·kg
-1
, respectively) prior to tissue harvest.  
Cardiac puncture was used to draw approximately 2 - 4 ml of whole blood under 
anesthesia, using a Serum Separator Tube (Becton, Dickinson and Company, Franklin 
Lakes, New Jersey) and was immediately followed by euthanasia via decapitation, and 
removal of the tibia as well as the gastrocnemius, soleus, and plantaris muscle of each 
hindlimb.  Blood samples were gently inverted five times to activate clotting, allowed to 
rest at room temperature for 30 min, centrifuged at 1,200 g for 30 min in order to collect 
blood serum, which was then stored at -80 °C.  Tibiae were cleaned of soft tissue and 
stored in 70% ethanol at 4 °C. The gastrocnemius, soleus, and plantaris muscles were 
excised, cleaned of extraneous blood, fat, and connective tissue, weighed and recorded, 
and finally snap-frozen in liquid nitrogen before -80 °C storage. 
 
Hindlimb Unloading 
 Simulated microgravity was accomplished through the use of hindlimb unloading 
(HU), a well-published ground-based analog to spaceflight (For Review; (149)) 
commonly utilized by our group to study muscle atrophy (50, 63, 64, 118).  Tail 
harnesses were attached 24 h prior to each suspension period and removed for each 
recovery bout.  Animals were briefly anesthetized with 2% isofluorane (US 
Pharmacopia, Rockville, Maryland) in order to attach the custom tail harness.  A thin 
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layer of non-irritant adhesive (Amazing Goop, Eclectic Products, Los Angeles, 
California) was generously applied around the base of the tail, and was firmly attached 
to porous athletic tape (Kendall, Mansfield, Massachusetts) and allowed to dry.  The 
athletic tape attached to the base of the tail (~2.54 cm of contact) on each lateral side and 
extended ~15.24 cm distally, where each end of the tape connected and joined a paper 
clip.  The animal was allowed to recover from anesthesia and wore the harness while 
ambulating normally.  On Day 0 of each unloading period the paper clip of the harness 
was then attached to a swivel apparatus overhead that was connected to a steel bar 
bisecting the top of the custom-built 45.72 cm x 45.72 cm x 45.72 cm cage.  When 
attached, the animal’s hindquarters would be elevated high enough that they could not 
come in contact with the floor of the cage, resulting in a 30° head-down tilt and complete 
disuse of the hindlimbs.  The steel bar allowed for nearly complete movement about the 
cage with the forelimbs, but prevented the animal from resting its rear quarters on the 
walls.   This system did not inhibit the rats’ ability to feed, drink, or groom.   
 Upon completing their first unloading period (HU+EX & HU+EX+HU), animals 
were anesthetized, had their harnesses removed, and allowed full ambulation throughout 
their 56 d recovery and exercise training before being harvested (HU+EX) or subjected 
to a second unloading (HU+EX+HU).  On Day 28 of their second unloading bout, 
HU+EX+HU animals were anesthetized, removed from HU, and subjected immediately 
to tissue harvest before undesired weight-bearing of the hindlimbs could occur.  Any 
animal found out of its harness during a health check was immediately removed from the 
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study, as were animals facing any sort of health concern.  Overall, the study maintained 
a 95% success rate in completing each 28 d HU bout. 
 
Resistance Exercise Training 
 Following their first unloading bout, animals were given 7 d of ambulatory 
recovery and then began the resistance exercise program previously employed in our lab 
(67, 74, 156). Training occurred in a custom-built upright acrylic box (21 cm length x 21 
cm width x 35 cm height) fitted with an illuminated lever situated above the animal’s 
head. The rat was operant conditioned to recognize the activation of the light bulb and 
attempt to depress the overhead lever, which required full extension of the lower body. 
When necessary, a brief foot shock was administered to encourage an exercise 
repetition. Three operant conditioning sessions (0 g; 50 repetitions/session) were given 
to train the animal for the program, with 48 h rest between sessions. Following operant 
conditioning, resistance was increased through the addition of lead weights to a small 
vest affixed to the animal. Training three times per week (48 h rest between sessions) for 
7 wk, intensity was progressively increased from 80 g to 270 g load, a protocol proven to 
improve several aspects of skeletal parameters above normal ambulatory reloading when 
invoked after steady-state disuse atrophy (197). Twenty-four hours after the final 
exercise session HU+EX animals were harvested and HU+EX+HU animals were placed 
in their second suspension bout. 
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Peripheral Quantitative Computed Tomography 
 Peripheral Quantitative Computed Tomography (pQCT) scans were carried out 
immediately prior to tissue harvest, and allowed for both in vivo measures and ex vivo 
supporting data.  Under the aforementioned ketamine/xylazine anesthesia, animals were 
firmly secured and had their left lower limbs scanned on a Stratec XCT Research-M 
device (Norland Corp., Fort Atkinson, Wisconsin) calibrated with a hydroxyapatite 
standard cone phantom.  A custom 3D-printed brace (ABS polymer) was used to prevent 
movement of the lower limb during the scanning procedure.  Total tibia length was first 
recorded by the machine, and then the left lower hindlimb was scanned in vivo at a rate 
of 2.5 mm·s
-1 
with a voxel resolution of 100 µm
2
 and a scanning beam thickness of 500 
µm.  Two slices were scanned at 50% tibia length (middiaphysis), 1 mm apart, and 
assessed for total limb cross-sectional area (CSATOT), muscle tissue CSA (CSAMM), and 
fat (both subcutaneous and intramuscular) CSA and percentage.  Excised tibiae were 
scanned ex vivo when necessary to determine tibia length for normalized mass analyses 
(see Results). 
Scan images were analyzed using Stratec software (ver. 6.00, Norland Corp., 
Fort Atkinson, Wisconsin).  The software, originally designed for bone research and 
clinical assessments, was adjusted to allow for skeletal muscle measurements using 
methods revised from other works (174). Standardized analysis schemes were utilized 
for all muscle acquisitions.  A region of interest was established around the entire limb 
circumference, and specific values were discerned through image filters and density 
thresholds available with the XCT550 software.  Limb cross-sectional area (CSATOT) of 
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the midshaft was determined with a Calcbd analysis (outer threshold of -101 mg·cm
-3
, 
contour mode 1, peel mode 2, inner threshold of 40 mg·cm
-3
, and visualized with filter 
F03F05F05), which the software determined as the total area assessed, and additional 
analyses allowed for the determination of the muscle cross-sectional area (CSAMM) and 
fat cross-sectional area (CSAFAT).   The software computes a “trabecular area” (all 
tissues with densities < 40 mg·cm
-3
) in this case representing fat and bone marrow area 
(CSAFAT&MARROW) and “cort-subcort area” (all tissues with densities > 40 mg·cm
-3
) 
indicative of bone, muscle, and skin area.  Additional analyses were used to remove the 
bone, marrow, and skin values.  Bone and marrow (CSABONE&MARROW) was calculated 
(outer threshold of 710 mg·cm
-3
, inner threshold of 710 mg·cm
-3
), with “trabecular” 
values representing marrow total area (CSAMARROW) and “cort-subcort” determined bone 
tissue area of the tibia and fibula of each slice (CSABONE).  Finally, skin area (CSASKIN) 
was isolated from CSATOT with a Cortbd analysis (outer threshold of -101 mg·cm
-3
, 
separation mode 4, inner threshold of 2000 mg·cm
-3
). Collectively, these analyses 
provided the following data: 
CSATOT, CSA of the entire limb at the midshaft of the tibia 
CSAMM = CSATOT – (CSAFAT&MARROW + CSABONE + CSASKIN) 
CSAFAT = CSAFAT&MARROW - CSAMARROW 
%FAT = CSAFAT / CSATOT 
Each slice was analyzed individually and then averaged for each animal.   
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Collagen 
Collagen concentration was measured by quantification of the collagen-specific 
amino acid hydroxyproline via High Performance Liquid Chromatography (HPLC) 
using previously published methods (33, 166).  Approximately 10 mg of pulverized 
gastrocnemius muscle was carefully cleaned of extraneous collagen fibers, weighed, 
freeze-dried for 36 h and then reweighed to provide a dry weight and water 
concentration measure.  Samples were derivatized and injected onto an HPLC (LC-
20AB and SIL-20, Shimadzu Scientific Instruments, Columbia, Maryland) and separated 
on an XTerra RP 18 column (Waters Corporation, Milford, Massachusetts).  
Hydroxyproline samples were normalized to an internal standard and compared with a 
standard curve (33).  Unless otherwise noted, all chemicals were obtained from Sigma 
Aldrich (St. Louis, Missouri). 
 
Intramuscular Amino Acid Concentration 
 Individual concentrations of 29 amino acids commonly found in the skeletal 
muscle cytosolic pool were assessed with ultra-performance liquid chromatography 
(UPLC) using techniques previously described (27).  In short, 500 mg of pulverized 
gastrocnemius tissues were homogenized using a Polytron (Brinkmann Lab Equipment, 
Westbury, New York) in 3 ml 1.5 M perchloric acid, vortexed, and centrifuged until 
pelleted.  The supernatants (containing the cytosolic pool) were neutralized with 2 M 
potassium carbonate (1:1 v/v) and lipid extracted with diethyl ether (1:3 v/v), vortexed, 
and the ether layer removed.  The lipid-free samples were filtered through 0.2 µm 
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polycarbonate syringe filters and derivatized with o-phtaldialdehyde before analyzed on 
a UPLC (Waters Corporation, Milford, Massachusetts).  Identification and quantification 
of amino acids was accomplished using external standards.  Samples were analyzed in 
triplicate. 
 
Measurement of Protein Synthesis 
 Twenty-four hour fractional synthesis rates (FSR) for the mixed (total) and 
myofibrillar (contractile) fractions were assessed in the gastrocnemius, soleus, and 
plantaris muscles using deuterium oxide (
2
H2O) incorporation techniques well-described 
by our lab (76, 156).  Animals were given a bolus dose of 99.9% deuterium oxide 
(Cambridge Isotopes, Andover, Massachussetts) in a saline solution (0.9% NaCl) via 
intraperitoneal injection (20µl·g
-1 
body weight) 24 h prior to tissue harvest.  The priming 
bolus was supplemented with 4% 
2
H2O drinking water provided ad libitum to maintain 
enrichment during the final 24 h of the study.  FSR was determined by measuring the 
levels of 
2
H incorporation into the muscle protein and the precursor pool, described in 
detail below. To isolate the myofibrillar subfraction for FSR and the cytosolic 
subfraction for immunoblotting, differential centrifugation was employed using methods 
detailed elsewhere (156).  Pulverized skeletal muscle (~60 mg) was homogenized with a 
Polytron in a 0.4 ml Norris buffer (25 mM Hepes, 25 mM benzamidine, 10 mM 
magnesium chloride (MgCl2), 5 mM β-glycerophosphate, 4 mM EDTA, 2 mM 
phenylmethanesulfonylfluoride (PMSF), 0.2 mM ATP, 0.5% protease inhibitor cocktail 
P8340 (v/v), 0.1% Triton-X 100 (v/v), 10 mM activated sodium orthovanidate 
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(Na3VO4), and 100 mM sodium fluoride (NaF); pH 7.4).  Each sample rested on ice for 1 
h before centrifugation at 30,000 g for 30 min at 4 °C.  The pellet, containing the 
myofibrillar subfraction, was then prepared identically to the mixed fraction samples.  
The supernatant (the cytosolic-rich fraction) was decanted and saved for determining 
protein expression via immunoblotting.       
 Sample preparation for total protein FSR was determined in the mixed 
subfraction as previously described by our lab (76).  Both pulverized mixed muscle 
tissues (~30 mg) and myofibrillar pellets were homogenized with a Polytron in 0.3 ml of 
10% (w/v) trichloroacetic (TCA) acid.  Samples were centrifuged at 5,000 g for 15 min 
at 4 °C, the supernatant (containing free, unbound amino acids) was decanted and 
removed, 0.3 ml TCA added to the pellet and vortexed until broken down, and the wash-
spin step repeated two additional times.  After the third and final wash step the protein-
bound pellet was dissolved in 0.4 ml of 6 N hydrochloric acid for 24 h at 100 °C.  100 µl 
of the hydrolysate was dried down and derivatized with 100 µl of a 3:2:1 (v/v/v) solution 
of methyl-8 (N,N-Dimethylformamide dimethyl acetal, Thermo Fisher Scientific, 
Waltham, Massachusetts), methanol, and acetonitrile for 1 h at 70ºC.  Derivatized 
samples were injected into a GCMS (Agilent 7890 GC & 5975 VL MSD, Agilent 
Technologies, Santa Clara, California) using previously described parameters (74, 75).  
All muscle samples were analyzed in triplicate and calculated from a linear regression 
formula generated by known 
2
H-alanine standards (0-2.0% 
2
H-alanine:alanine) prepared 




H) enrichment of the available precursor pool was determined by
quantifying 
2
H2O-enriched serum based on a linear regression formula generated by
deuterium standards identically prepared.  A 20 µl serum sample was allowed to react 
with 2 µl of 10 N sodium hydroxide and 4 µl of a 5% (v/v) acetone in acetonitrile 
solution at room temperature for 24 h. Then, ~0.5 g sodium sulfate decahydrate was 
added as a drying agent, and 0.6 ml chloroform was introduced to the sample to stop the 
isotopic exchange between 
2
H2O-enriched serum samples and acetone.  A small aliquot
(1 µl) was injected into the GCMS, volatilized, separated, and detected using methods 
detailed in earlier publications by our lab (74, 75, 156).  All serum samples were 
prepared and measured in duplicate, and the average value used in FSR calculations. 
FSR was calculated using the following equation: 
FSR = EA · [EBW x t(d) x 3.7)
-1
 x 100,
where EA represents the amount of protein-bound 
2
H-alanine (mole percent excess), EBW
is the quantity of 
2
H2O in the precursor pool (mole percent excess), t(d) designates the
total time of incorporation (in days), and 3.7 represents the exchange coefficient  of 
2
H
between body water and alanine (e.g. 3.7 of 4 carbon-bound hydrogens of alanine 
exchange with water (49)). 
Immunoblotting 
A small (10 µl) aliquot was used to determine protein concentration 
quantification via bicinchoninic acid (BCA) assay (199), and 60 µg of protein was 
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selected for each sample to ensure even loading and qualitative analyses.  Samples were 
randomly selected and blocked by gel to ensure a minimum n=2 for each group was 
represented on each gel, and location within each gel was randomized to minimize any 
potential bias.  Samples were added to 4x Laemmli buffer (123) and denatured at 100 °C 
before being loaded onto 4-15% gradient polyacrylamide gels (Lonza, Switzerland) for 
protein separation via 1 h SDS-PAGE (40 mA in standard electrode buffer [25 mM Tris, 
19.2 mM glycine, 0.1% SDS (w/v)]) and a 45 min semi-dry transfer (350 mA) onto a 
nitrocellulose membrane, 5% (w/v) non-fat dry milk in tris-buffered saline (m-TBS) was 
used to block the membrane before primary antibody incubation.  MuRF1 and MAFbx 
were acquired from ECM Biosciences (Versailles, Kentucky), and all remaining 
antibodies described herein were purchased from Cell Signaling Technology (Beverly, 
Massachusetts).  The following proteins were assess for total content, and when 
applicable, for phosphorylation content of key sites: Akt (phosphorylated at Ser473), 
mTOR, rpS6 (Ser235/236), 4E-BP1 (Thr 37/46), eIF4E (Ser209), ERK1/2 
(Thr202/Tyr204), eEF2k (Ser366), eEF2 (Thr56), Ubiquitin, FoxO3a, MuRF1, MAFbx, 
Bcl-2, and Bax.  Membranes were incubated in the appropriate antibody dilution 
(typically 1:1000) in m-TBS overnight with gentle agitation at 4 °C.  Membranes were 
washed three times in 1x TBS for 5 min each, then incubated in the appropriate (anti-
rabbit or anti-mouse) secondary antibody (1:2000) in m-TBS for 1 h with gentle 
agitation at room temperature.  Blots were washed a second time, followed by a 5 min 
incubation with enhanced chemiluminescence (Thermo Fisher Scientific), and were 
detected using an Alpha Innotech (San Leandro, California) imaging system.  Bands 
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were developed with a CCD camera and optical densities were determined using Alpha 
Innotech’s AlphaEase FC software, which was automatically set to remove non-specific 
binding from densitometry values.  Groups were run on membranes representing all 
study groups from this project as well as the groups detailed in Section III (minimum n = 
2 per blot).  All bands were normalized by the average density of the CON animals’ 
content  to allow qualitative comparisons between membranes, and when necessary 
Ponceau S staining was used as a loading control (178), arguably a stronger correction 
method (2).  Ubiquitin was assessed as the entire band to capture total ubiquitination 




 All analyses were carried out using SigmaStat v3.5 (Systat Software Inc., San 
Jose, California) to determine differences among groups in this study as well as in the 
groups discussed in Section II & Section III.  A one-way analysis of variance (ANOVA) 
was used to compare groups, and when significant F-ratios were present a Student-
Newman-Keuls (SNK) post hoc procedure was used to test differences among group 
means.  Significance levels were predetermined at p < 0.05.  For all results described in 
this study, groups sharing a similar letter are not significantly different (p ≥ 0.05) and 
exact p values may be included for results that warrant highlighting and discussion, even 
if deemed not statistically significant. 
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Results 
 The findings of the non-exercised groups (HU, HU+REC, HU+REC+HU, & 
HU+REC+HU+REC) are discussed in great detail in Section II and Section III.  They 
are included in the following results to allow comparisons to be made to the exercise 
groups (HU+EX & HU+EX+HU).  In this cross-sectional study design, HU+REC is best 
compared to HU+EX to make inferences on the impact of passive versus active recovery 
from long-duration unloading, and HU+EX+HU may be considered as a pre-unloading 
exercise conditioning group (vs. HU+REC+HU). 
 
Muscle Mass, Area, and Composition 
 Absolute muscle mass (Figure 4.2) and muscle weights normalized by tibia 
length (Figure 4.4) in the gastrocnemius and plantaris agree with the findings observed 
in total (Figure 4.5A) and muscle (Figure 4.5B) CSA, in which we actually observed a 
significant (p < 0.05) decline in muscle mass with our exercise paradigm (HU+EX vs. 
HU+REC).  Soleus was not different in these Figures when considering the impact the 
exercise prescription during recovery on mass.  In Figure 4.3, mass is normalized by 
body weight, and gastrocnemius and soleus relative masses were elevated (HU+EX vs. 
HU+REC), while plantaris was not, and was likely due to the considerable losses of 
body weight (Figure 4.3D) and relative limb fat (Figure 4.5C) during exercise training.  
In all aforementioned figures, no differences were detected between HU+EX+HU and 
HU+REC+HU, suggesting that our chronic resistance exercise paradigm, at least during 
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recovery, does not act to preserve muscle mass or area after a subsequent 28 d 
suspension period.  
 
 
Figure 4.2. Study III Muscle Mass (Absolute).  Muscle wet mass for the (A) 
gastrocnemius, (B) soleus, and (C) plantaris tissues, as well as (D) percent change from 
control for each tissue type. Values are means ± SE.  Bars displaying similar letters in 
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Figure 4.3.   Study III Muscle Mass (Relative to body weight).  Endpoint data for 
muscle mass normalized by body weight (g muscle ∙ g body weight-1) for the (A) 
gastrocnemius, (B) soleus, and (C) plantaris tissues, when assessed by (D) body weight 
(g). Values are means ± SE.  Bars displaying similar letters in each graph are not 
significantly different from one another.  
A B
C D
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Fig. 4.4.  Study III Muscle Mass (Relative to tibia length).  Endpoint data for muscle 
mass normalized by bone length (g muscle∙ mm tibia length-1) for the (A) gastrocnemius, 
(B) soleus, and (C) plantaris tissues, as well as (D) in vivo tibia lengths. Values are means 
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Fig. 4.5.  Study III Peripheral Quantitative Computed Tomography (pQCT) 
Morphometry.  In vivo assessments of the lower limb (at 50% tibia length) were taken 
just prior to sacrifice and evaluated for (A) limb CSA, (B) Muscle CSA, and (C) Fat 
Percent, Figure (D) poses representative scans of experimental groups (top line: HU, 
HU+REC, HU+EX; bottom line: HU+REC+HU [with brace], HU+EX+HU, 
HU+REC+HU+REC, and CON).  Values are means ± SE.  Bars displaying similar letters 
in each graph are not significantly different from one another. 
 
No differences were found in muscle water percentage (Figure 4.6) when 
scrutinizing for exercise-generated effects.   
A B
C D
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Fig 4.6. Study III Muscle Water Content. Muscle weights were taken before and after 
desiccation to determine water concentration.  Values are means ± SE.  Bars displaying 
similar letters in each graph are not significantly different from one another.  
 
Exercise had no effect on muscle collagen content during recovery (HU+EX vs. 
HU+REC), which was assessed by hydroxyproline detection (Figure 4.7).  However, 
resistance exercise appears to play a role in reducing the increase in muscle collagen 
observed in a second unloading bout, as HU+EX+HU was not different from CON (p ≥ 
0.05).  
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Fig. 4.7.  Study III Gastrocnemius Collagen Concentration.  Collagen concentration 
was determined via HPLC quantification of hydroxyproline concentration per mg wet 
muscle.  Values are means ± SE.  Bars displaying similar letters in each graph are not 
significantly different from one another. 
 
Gastrocnemius Cytosolic Amino Acid Profile 
 Individual concentrations of 29 amino acids were measured in the free pool of 
the gastrocnemius as an indication of amino acid availability and to investigate which (if 
any) essential amino acids appeared to rate-limit muscle anabolism during mechanical 
overload (Table 4.1).  No branched-chain amino acids (BCAA) were altered in HU+EX 
(vs. HU+REC), though essential amino acid (EAA) phenylalanine was reduced vs. 
HU+REC, but was not different than CON, and non-essential amino acids aspartate and 
proline were elevated.  Interestingly, HU+EX+HU concentrations of all three BCAAs 
(isoleucine, leucine, and valine) were elevated above CON, but not to the values that HU 
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and HU+REC+HU observed.  HU+EX+HU also had reduced lysine (EAA), alanine and 
arginine (non-essential), and 3-methylhistidine (vs. HU+REC+HU & CON). 
 
 
Table 4.1. Study III Gastrocnemius Cytosolic Amino Acid Profile.  Amino acid 
composition was assessed in the gastrocnemius free pool via UPLC.  Values are means ± 







































































Histidine 0.1535 ± 0.0138 0.1717 ± 0.0076 0.1450 ± 0.0133 0.1614 ± 0.0079 0.1342 ± 0.0071 0.1532 ± 0.0103 0.1594 ± 0.0100














Methionine 0.0439 ± 0.0082 0.0296 ± 0.0034 0.0300 ± 0.0030 0.0380 ± 0.0024 0.0259 ± 0.0044 0.0281 ± 0.0045 0.0248 ± 0.0031














Threonine 0.3514 ± 0.0801 0.3776 ± 0.0175 0.3523 ± 0.0150 0.3593 ± 0.0223 0.3104 ± 0.0140 0.3932 ± 0.0336 0.3784 ± 0.0256
Tryptophan N/A N/A N/A N/A N/A N/A N/A
Other Common




























Asparagine 0.2977 ± 0.0327 0.4832 ± 0.1594 0.3289 ± 0.0160 0.5618 ± 0.2710 0.2468 ± 0.0148 0.4206 ± 0.0933 0.4548 ± 0.1467














Cysteine N/A N/A N/A N/A N/A N/A N/A














Glutamine 4.3383 ± 0.2829 4.7407 ± 0.2745 5.6772 ± 0.3195 4.7276 ± 0.4532 4.6911 ± 0.25563 4.9578 ± 0.3956 4.8488 ± 0.4000
Glycine 2.8103 ± 0.2395 2.4545 ± 0.1025 2.8358 ± 0.1873 2.8013 ± 0.1810 2.5400 ± 0.1436 2.4735 ± 0.1844 2.4305 ± 0.1862














Serine 0.4917 ± 0.0360 0.5577 ± 0.0217 0.6274 ± 0.0285 0.5413 ± 0.0311 0.4969 ± 0.0203 0.5614 ± 0.0408 0.5581 ± 0.0422





























α-Aminobutyric Acid 0.5510 ± 0.0388 0.4763 ± 0.0241 0.4521 ± 0.0426 0.5513 ± 0.0515 0.5005 ± 0.0297 0.5155 ± 0.0507 0.4904 ± 0.0292














β-Alanine 0.1384 ± 0.0089ab 0.1298 ± 0.0039ab 0.1175 ± 0.0035b 0.1511 ± 0.0069a 0.1296 ± 0.0063ab 0.1235 ± 0.0031ab 0.1284 ± 0.0052ab
Carnosine 2.1357 ± 0.1699 2.3507 ± 0.1015 2.5280 ± 0.1184 2.3833 ± 0.1192 2.4783 ± 0.1599 2.3497 ± 0.156 1.9775 ± 0.0758
Citrulline 0.2080 ± 0.0226 0.2368 ± 0.0108 0.3002 ± 0.0310 0.2182 ± 0.0172 0.2119 ± 0.0113 0.2455 ± 0.0202 0.2335 ± 0.0145
























































Taurine 17.9230 ± 1.5208 15.5782 ± 0.6011 14.1913 ± 0.6466 16.8416 ± 0.8655 14.9615 ± 0.5941 14.3525 ± 1.0718 14.6455 ± 0.7223




Muscle Protein Synthesis 
 Total muscle protein synthesis was evaluated during the final 24 h of each study 







Fig. 4.8. Study III 24 h Mixed Fractional Synthesis Rates.  Twenty-four hour 
cumulative mixed FSR in the (A) gastrocnemius, (B) soleus, and (C) plantaris muscles.  
Values are means ± SE.  Bars displaying similar letters in each graph are not significantly 
different from one another. 
 
Mixed FSR was unchanged due to exercise in the gastrocnemius and soleus 
muscle (vs. HU+REC), and the exercise prescription had no preserving/rescuing 
effect on synthesis rates in the HU+EX+HU group (vs. HU+REC+HU).  Plantaris 
FSR measured at 56 d after HU was actually reduced by the exercise protocol, 
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yielding only 85.4% of the muscle anabolism displayed by passive recovery 
measures.  Resistance exercise did not produce any changes in contractile muscle 
protein synthesis (Figure 4.9). 
 
 
Fig. 4.9. Study III 24 h Myofibrillar Fractional Synthesis Rates.  Twenty-four hour 
cumulative myofibrillar FSR in the (A) gastrocnemius, (B) soleus, and (C) plantaris 
muscles.  Values are means ± SE.  Bars displaying similar letters in each graph are not 
significantly different from one another. 
 
Expression of Anabolic Markers 
Exercise did not alter (HU+EX vs. HU+REC and/or HU+EX+HU vs. 
HU+REC+HU; p ≥ 0.05) protein expression (displayed as phosphorylated:total content 
unless specified otherwise) in any of the following signaling proteins: Akt(Ser473), rpS6 
A 
B C
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(Ser235/236), or ERK1/2 (Thr202/Tyr204), although their findings can be found in 
Figures 4.10, 4.13, and 4.15, respectively.  Total mTOR protein (Figure 4.11) was 
increased in HU+EX animals above CON values (+66.5%; p < 0.05), but was not 
different than HU+REC (p ≥ 0.05).  Exercise generated robust elevations in relative 4E-
BP1 phosphorylation (Figure 4.12) and subtle increases in eIF4E phosphorylation 
(Figure 4.14) with HU+EX, but did not alter HU+EX+HU expression relative to 
HU+REC+HU.    
 
 
Fig. 4.10. Study III Expression of Akt (Ser473).  Immunoblot of the anabolic protein 
Akt in the gastrocnemius.  Assessed as phosphorylated protein to total.  Values are means 
± SE.  Bars displaying similar letters in each graph are not significantly different from 
one another. 
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Fig. 4.11. Study III Expression of Total mTOR.  Immunoblot of the anabolic protein 
mTOR in the gastrocnemius.  Assessed as total protein.  Values are means ± SE.  Bars 
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Fig. 4.12. Study III Expression of 4E-BP1 (Thr37/46).  Immunoblot of the anabolic 
protein 4E-BP1 in the gastrocnemius.  Assessed as phosphorylated protein to total.  
Values are means ± SE.  Bars displaying similar letters in each graph are not significantly 
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Fig. 4.13. Study III Expression of rpS6 (Ser235/Ser236).  Immunoblot of the anabolic 
protein rpS6 in the gastrocnemius.  Assessed as phosphorylated protein to total.  Values 
are means ± SE.  Bars displaying similar letters in each graph are not significantly 
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Fig. 4.14. Study III Expression of eIF4E (Ser209).  Immunoblot of the anabolic protein 
eIF4E in the gastrocnemius.  Assessed as phosphorylated protein to total.  Values are 
means ± SE.  Bars displaying similar letters in each graph are not significantly different 
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Fig. 4.15. Study III Expression of ERK1/2 (Thr202/Tyr204).  Immunoblot of the 
anabolic protein ERK1/2 in the gastrocnemius.  Assessed as phosphorylated protein to 
total.  Values are means ± SE.  Bars displaying similar letters in each graph are not 
significantly different from one another.   
 
Expression of Regulators of mRNA Translation Elongation 
 The ratios of phosphorylated to total eEF2k is presented in Figure 4.16, and its 
downstream target- eEF2, is shown in Figure 4.17.  Significant differences were not 
detected among groups in the inhibitory kinase, while HU+EX relative phosphorylation 
of eEF2 (Figure 4.17A) was the lowest of any group (-37.3% vs. CON; p < 0.05).  The 
only other group to express reduced eEF2 was HU+EX+HU (-26% vs CON; p <0.05), 
though this effect may be due to substantial increases in total eEF2 content due to 
exercise (Figure 4.17B).  
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Fig. 4.16. Study III Expression of eEF2k (Ser366).  Immunoblot of the elongation 
protein eEF2k in the gastrocnemius.  Assessed as phosphorylated protein to total.  Values 
are means ± SE.  Bars displaying similar letters in each graph are not significantly 
different from one another.   
 
 
Fig. 4.17. Study III Expression of eEF2.  Data is present as (A) a ratio of 
phosphorylated eEF2 (Thr56) to total expression, and (B) Total eEF2 content alone.  
Values are means ± SE.  Bars displaying similar letters in each graph are not significantly 
different from one another.   
 
A B
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Expression of Regulators of Catabolism 
 Four markers associated with catabolism (ubiquitin, FoxO3a, MuRF1, and 
MAFbx) are presented in Figures 4.18-21, respectively.  Ubiquitin content was not 
different among loading conditions, and MuRF1 was not different among exercise 
groups and their sedentary counterparts.  Total FoxO3a expression (Figure 4.19) was 
elevated in HU+EX and HU+EX+HU (vs. HU+REC and HU+REC+HU, respectively), 
while MAFbx demonstrated nonsignificant increases due to exercise during recovery 
(HU+EX was +74.6%; p = 0.27). 
 
 
Fig. 4.18. Study III Expression of Ubiquitin.  Immunoblot of the catabolic protein 
ubiquitin in the gastrocnemius.  Assessed as total content.  Values are means ± SE.  Bars 
displaying similar letters in each graph are not significantly different from one another.   
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Fig. 4.19. Study III Expression of FoxO3a.  Immunoblot of the catabolic protein 
FoxO3a in the gastrocnemius.  Assessed as total content.  Values are means ± SE.  Bars 
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Fig. 4.20. Study III Expression of MuRF1.  Immunoblot of the catabolic protein 
MuRF1 in the gastrocnemius.  Assessed as total content.  Values are means ± SE.  Bars 
displaying similar letters in each graph are not significantly different from one another.   
 
 
Fig. 4.21. Study III Expression of MAFbx.  Immunoblot of the catabolic protein 
MAFbx in the gastrocnemius.  Assessed as total content.  Values are means ± SE.  Bars 
displaying similar letters in each graph are not significantly different from one another.   
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Expression of Apoptotic Markers 
 Lastly, the apoptotic markers Bcl-2 (Figure 4.22) and Bax (Figure 4.23) are 
provided below.  There were slight, albeit insignificant, increases in both exercise groups 
compared to their passive recovery groups in Bcl-2 protein content, and Bax signaling 
was identical (EX vs. REC groups). 
  
 
Fig. 4.22. Study III Expression of Bcl-2.  Immunoblot of the apoptotic protein Bcl-2 in 
the gastrocnemius.  Assessed as total content.  Values are means ± SE.  Bars displaying 
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Fig. 4.23. Study III Expression of Bax.  Immunoblot of the apoptotic protein Bax in the 
gastrocnemius.  Assessed as total content.  Values are means ± SE.  Bars displaying 
similar letters in each graph are not significantly different from one another.   
 
Discussion 
 The breadth and depth of skeletal muscle physiology research is nearly 
immeasurable, as the tissue is constantly being driven by countless factors to determine 
or alter cell size, function, nuclear status, energy state, and several other components of 
the locomotive tissue, even when considering only protein homeostatic balance.  
Muscle’s influences as an endocrine organ have led to considerable efforts in 
investigating muscle’s interaction with several other organs or disease states.  Many of 
these changes contribute to the notion of muscle plasticity- the tissue’s ability to rapidly 
change according to the specific mode and magnitude of various stimuli.  The work 
described herein wanted to characterize biological repeatability (the ability for muscle 
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plasticity to be reversed as well as replicated under cyclical changes in opposing stimuli) 
as a component of plasticity, with a focus on mechanical load status.  And while the 
literature describes the short- (61, 129, 213, 238) and long-term (125, 128, 203) effects 
of disuse on skeletal muscle function, structure, and biology, as well as muscle’s ability 
to recover following disuse (with passive (23, 232) and active (105, 163) rehabilitation), 
no work to date can truly delineate if muscle’s plasticity and biological repeatability is 
influenced by successive bouts of unloading or reloading, nor the impact of overload on 
these conditions. 
 This study adopted a resistance exercise prescription that was proven to increase 
skeletal parameters beyond those of passive recovery following long-duration hindlimb 
unloading, and to mitigate some of the negative effects of a second bout of mechanical 
unloading (197).  Overall, it appears that the exercise prescription required for robust 
skeletal changes during recovery and as a preventer of future losses may be considerably 
lower than the changes needed to elicit changes in muscle protein anabolism and overall 
changes in mass.  While some anabolic signaling supported the effects of the resistance 
training protocol, our findings suggest that the moderate-intensity, moderate-volume 
program employed was either insufficient to stimulate hypertrophy or was performed in 
tissue that was pre-damaged by the unloading and therefore unprepared for an 
intervention of this intensity and/or frequency.  These concepts are more elaborately 
discussed in Section V. 
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The Resistance Exercise Paradigm Employed did not Elicit Hypertrophy 
 The observed changes in body weight and fat % after the exercise recovery 
period, and overall reductions in gastrocnemius and plantaris muscle masses, 
corroborated by decreases in limb and muscle CSA at the middiaphysis, demonstrate that 
our exercise regimen was not properly prescribed to facilitate an anabolic recovery from 
disuse.  The slight increases of relative muscle mass (normalized by body weight) 
suggest that non-muscular tissue, likely fat tissue, was lost at a slightly greater rate than 
muscle as opposed to better ‘maintaining’ of muscle mass in the face of atrophying 
conditions.   
 Mixed muscle FSR was not increased in any muscle in the 24 h following the 
final exercise bout in any of the studied tissues, confirming the ineffectiveness of this 
exercise protocol as an appropriate therapy following long-duration disuse as a means to 
improve muscle mass recovery above passive reloading alone.  In fact, FSR was lower in 
the plantaris muscle of HU+EX animals.  As food intake was not found to differ between 
HU+EX and HU+REC, it would appear that the diminished FSR in the plantaris was 
caused by ineffective anabolic signaling or an increase in catabolic or apoptotic factors.  
Exercise did not alter myofibrillar FSR when compared against the non-exercise load-
matched group (HU+EX vs. HU+REC; HU+EX+HU vs. HU+REC+HU). 
 It is difficult to judge the anabolic signaling cascades responsible for controlling 
muscle protein synthesis in our study, as the samples are harvested 24 h after the final 
exercise session.  If we consider mTOR to be the primary regulator of the 
PI3K/Akt/mTOR pathway, and that pathway to be the predominant regulator of muscle 
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anabolism, then a 24-h measure is far too late to capture most of the signaling changes 
that occur due to resistance exercise (20, 230).  While the signaling discussed in Section 
III is useful as it provides insight to the regulation of steady-state disuse and full 
recovery, our model simply fails to capture the signaling response (if any) to our 
resistance exercise paradigm.  The one signaling activity that was increased in our 
HU+EX group was 4E-BP1.  The increased phosphorylation-to-total expression of 4E-
BP1 prevents its binding to eIF4E, thereby allowing for mRNA translation initiation 
complex formation (71).  This increased phosphorylation does not imply increased 
anabolism, but simply the removal of an inhibitory regulator of translation.  Our exercise 
program may provide increased elongation efficiency, evidenced by our eIF4E 
phosphorylation (186) and reduced eEF2 phosphorylation (113), but this alteration did 
not contribute to improved anabolism.  Of interest is that the increase of total eEF2 
content following resistance exercise persisted even after 28 d of unloading 
(HU+EX+HU), which resulted in a relative lowering of phosphorylation that should 
prove to be conducive to anabolism.  More research is necessary to determine why 
protein content is maintained at higher levels in response to exercise even after 28 d of 
unloading.  Our data suggests that primary culprits altering anabolism are upstream of 
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Resistance Exercise Elevated FOXO3a Content, but No Downstream Catabolic or 
Apoptotic Markers 
 Resistance exercise demonstrated higher total FOXO3a expression in HU+EX 
animals compared to their HU+REC counterparts, which agrees with similar 24 h post-
exercise work by others (136) in protein but may not be supported by transcription work 
(135).  It should be noted, however, that measures of transcript and protein are not 
always consistent.  Increased FOXO3a expression did not result in increases in its 
downstream targets MuRF1 or MAFbx, which has been characterized elsewhere in 
steady-state atrophy (184) but no works measuring the 24 h post-exercise protein 
expression are known to the authors.   Our HU+EX animals did not display any 
differences in apoptotic signaling vs. HU+REC, and no catabolic or apoptotic measures 
were altered in HU+EX+HU compared to HU+REC+HU. 
 
Skeletal Muscle may not be Prepared for Resistance Exercise Therapies After Unloading 
 One possible concern is that the muscle is weakened during long-duration 
unloading, perhaps predisposing it to increased damage during recovery that is 
exacerbated by the onset of a resistance exercise regimen.  Research has demonstrated 
increased interstitial regions, mononuclear invasion, and lesions are specific to the 
recovery after unloading and not the disuse condition alone (121, 122), and exercise 
recovery work has shown muscle to be particularly sensitive to pliometric exercises 
(163).  This may be due to losses of contractile fibers during unloading (168, 171, 172), 
which renders muscle unprepared for the return of full weight-bearing loads, or the 
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overload posed by this exercise intervention.  We may have created substantial muscular 
injury during the early-stage exercise, in which operant conditioning began only 7 d after 
the cessation of unloading, and was arguably the most damaging exercise during the 
early portion of the training, when the highest number of repetitions (lowest weights) 
were invoked.  If our exercise regimen was similar to overtraining syndrome in athletes, 
it may have similar effects, which include elevated degradation and decreased synthesis 
(187).  This is wildly different than passive recovery from exercise, in which synthesis 
rates return to control values in the first 6 h after cessation of disuse, remain at basal 
levels for 2 d, then significantly increased on Day 4 (221).  If we impeded early stage 
recovery, and had exercise conditions induced an overtraining state, it would be no 
surprise that our masses were lower than those of HU+REC animals.  Future studies 
should detail the efficacy of the training paradigm on healthy, non-unloaded animals to 
determine if any hypertrophic effect can be obtained from the prescribed training, as 
well as detail the early time-point effects of this training on recovering muscle with 
emphasis on muscle protein turnover as well as morphological impacts.     
 
Conclusion 
 This work highlights the challenges of preventing muscle atrophy during disuse 
or recovering after long-duration unweighting, as a similar exercise prescription not only 
resulted in improved recovery in bone, but also mitigated several outcomes of skeletal 
physiology during subsequent unloading (197), but in these current studies exacerbated 
recovery in muscle compared to passive recovery.  Whether the lack of hypertrophy via 
  125  
 
exercise during recovery from disuse is due to a lack of exercise intensity remains to be 
seen.  Post-disuse exercise prescriptions studies should highlight two critical values: at 
what time post-unloading is muscle no longer susceptible to increased myodamage, 
especially during eccentric resistance exercise, and is an exercise prescription proven in 
non-unloaded animals (normal starting values) sufficient to improve muscle mass 
following steady-state disuse.  Our findings determine that resistance exercise programs 
sufficient to rescue and improve bone outcomes may contribute to improved recovery in 
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V. DEPTOR EXPRESSION AND REGULATION IS ALTERED BY MECHANICAL 
LOAD 
Synopsis 
 Recent interest in the protein DEPTOR, a negative regulator of mTOR, has 
demonstrated its potential as a therapeutic target in maintaining muscle mass during 
atrophy in vitro.  In this final study, we explore the extent to which DEPTOR and one of 
its regulatory proteins are expressed in comparison to mechanical loading states.  Male 
Sprague-Dawley rats (n = 108) from the studies described in the previous Sections were 
placed in one of the following groups: 28 d unloading (HU), 28 d unloading with 56 d 
recovery with either passive ambulation reloading (HU+REC) or chronic resistance 
training (HU+EX), groups exposed to 28 d unloading, one of the recovery strategies, and 
then a second 28 d unweighting period (HU+REC+HU & HU+EX+HU), animals 
undergoing two unloading and two passive recovery cycles (HU+REC+HU+REC), or 
control (CON).  At the end of the study, the gastrocnemius muscles from each animal 
were removed and assessed for DEPTOR and RBX1 protein content via 
immunoblotting.  This information was presented, along with key data from earlier 
Sections, to explore the mechanistic regulation of DEPTOR on muscle mass via tight 
manipulations of muscle anabolism.  Results include the first known data demonstrating 
steady-state unloading is accompanied by elevated DEPTOR expression (and 
concomitantly lower RBX1 content) that is reversed with mechanical reloading or 
overloading.  We also demonstrate that mixed muscle FSR highly correlates with 
DEPTOR content in an inverse relationship, posing its potential as a surrogate for 
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quantifiable muscle protein synthesis measures.  Overall, we close out the Dissertation 
with this study to highlight a currently unexplored opportunity to exploit muscle 
anabolism regulation and possibly determine a realistic target for anti-atrophy 
countermeasures.       
 
Introduction 
 The Sections above have characterized the reactions to steady-state atrophy from 
mechanical unloading, the efficacy of recovery from disuse using a moderate-intensity, 
moderate-volume voluntary resistance exercise training program vs. passive reloading, 
and sought to establish biological repeatability (ability to repeatedly respond to specific 
stimuli with similar reactions) and biological resilience (instances where muscle’s 
capacity for change was exceeded) as functions of muscle plasticity (ability to change to 
specific stimuli based on its magnitude and type.  In this final study we delve into a more 
mechanistic marker of muscle homeostasis.    
 mTOR has been widely regarded as the keystone signaling protein for muscle 
anabolism (17).  With downstream targets to increase formation of the initiation 
translation complex (thereby allowing for mRNA translation into polypeptides) as well 
as prevent the formation of said ribosomal complex (For Review; (190)), and upstream 
control via mechanotransduction (20), amino acid influx (46), insulin (167), growth 
hormone (97), hypoxia (24), stress (37), or countless other stimuli have established 
mTOR as a mainstay target of muscle biology in striving to understand the control of 
muscle mass.  
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 The protein mTOR is just one component that compromises the anabolic 
regulator mTOR-complex 1 (mTORC1), which differs from the cytoskeleton- and cell 
survival-regulating mTORC2 due to the inclusion of either Raptor or Rictor, 
respectively.  One protein found in both complexes is the DEP domain-containing 
mTOR-interacting protein (DEPTOR), which acts as a potent endogenous inhibitor of 
mTOR.  Its role has traditionally focused in tumorogenesis, as its potential 
overexpression could result in minimal (or non-existent protein synthesis of cancer cells 
(160, 224, 236, 237).  It wasn’t until the work by Kazi et al. that DEPTOR was 
considered for the opposite of its target for cancer therapies: targeting DEPTOR 
suppression in order to drive muscle protein synthesis through rescued or improved 
mTOR signaling (115).  Their work demonstrated that in vitro suppression of DEPTOR 
maintained anabolism and muscle weights through 3 d of casting disuse.  Our lab’s work 
generated the first known physiological alterations in DEPTOR content, as we observed 
reduced DEPTOR expression following an acute session of resistance exercise, as well 
as similarly-suppressed DEPTOR content during sarcopenic obesity in both exercised 
and sedentary subjects, suggesting its potential role in anabolic resistance (155).  We 
therefore turn our attention to further examining this protein during conditions known to 
affect muscle anabolism and mass to understand the mechanisms involved in mTOR-
driven muscle homeostasis. 
 Based on our previous findings (155), we hypothesized that DEPTOR protein 
expression would closely and inversely mimic muscle anabolism (mixed muscle FSR).  
As our exercise paradigm was not overtly successful at generating a hypertrophic effect, 
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we did not anticipate DEPTOR content to be noticeably lower in our exercised group 
(compared to passive recovery alone).  We also investigated expression of Ring-box 
protein 1 (RBX1), a component of the SCF complex known to downregulate DEPTOR 
content (237).  We expected to see RBX1 total content to be associated with changes in 
loading conditions, as its knockdown was recently proven to result in an accumulation of 
DEPTOR and subsequent inhibition of mTOR-mediated cell growth (233).  Lastly, we 
sought to objectively test the relationship between our 24 h FSR measures and DEPTOR 
content.  Tying into our central aim of this Dissertation, we hypothesized that DEPTOR 
content would respond in a similar fashion and intensity in subsequent repeated bouts of 
similar loads, i.e., muscle plasticity and repeatability would be reflected in DEPTOR 
protein expression in relation to mechanical unloading, reloading, and overload.     
 
Materials and Methods 
Animals 
 All procedures described herein were approved by and conducted in accordance 
with the Institutional Animal Care and Use Committee of Texas A&M University.  Male 
Sprague-Dawley rats (Harlan Laboratories Inc, Houston, Texas) were selected for this 
study and obtained at 5.5 months of age.  Animals were group-housed for 2 wk in a 
standard environment (23ºC ± 2ºC, 12:12 h dark/light cycle) and given water and 
standard rodent chow ad libitum.  Following transport recovery and acclimation, all 
animals were singly-housed, normalized by body weight, and assigned to one of the 
following groups: 1) 28 d of constant hindlimb unloading (HU, n = 16), 2) 28 d HU 
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session immediately followed by a 56 d recovery bout of normal ambulation (HU+REC, 
n = 16), 3) 28 d of constant hindlimb unloading immediately followed by a 56 d 
recovery bout of normal ambulation supplemented with resistance exercise (HU+EX, n 
= 14), 4) two HU cycles of 28 d with a 56 d recovery bout between unloadings 
(HU+REC+HU, n = 16), 5) two unloading cycles with a 56 d EX program during 
recovery period between unloadings (HU+EX+HU, n = 18), 6) two alternating cycles of 
28 d HU and 56 d recovery (HU+REC+HU+REC, n = 14), and 7) an age- and housing-
matched control group (CON, n = 14).  Figure 5.1 illustrates the experimental design. 
 
 
Fig. 5.1. Study IV Experimental Study Design.  Hindlimb Unloading (HU) was 
achieved via a tail suspension harness and carried out continuously for 28 d, and 
Reloading (REC) was carried out by 56 d passive recovery through normal cage 
ambulation or with Reloading supplemented with Resistance Exercise (EX) performed 21 
times over the 56 d recovery period. 
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Body weights were recorded weekly, and twice-daily health checks were carried out to 
ensure each animal was healthy and loaded appropriately.  In order to prevent any effects 
due to food consumption (proven to affect body and muscle masses), all animals were 
pair-fed during the first week of each unloading period. 
 At the conclusion of the study, each animal was anesthetized with 
ketamine/xylazine (100 mg·kg
-1
 & 10 mg·kg
-1
, respectively) prior to tissue harvest.  
Cardiac puncture was immediately followed by euthanasia via decapitation, and tissue 
removal. Whole blood was collected and spun to collect serum, which was then stored at 
-80 °C.  The gastrocnemius muscles were excised, cleaned of extraneous blood, fat, and 
connective tissue, weighed and recorded, and finally snap-frozen in liquid nitrogen 
before -80 °C storage. 
 
Hindlimb Unloading 
 Simulated microgravity was accomplished through the use of hindlimb unloading 
(HU), a well-published ground-based analog to spaceflight (For Review; (149)) 
commonly utilized by our group to study muscle atrophy (50, 63, 64, 118) (WIGGS).  
Tail harnesses were attached 24 h prior to each suspension period and removed for each 
recovery bout.  Animals were briefly anesthetized with 2% isofluorane (US 
Pharmacopia, Rockville, Maryland) in order to attach the custom tail harness.  A thin 
layer of non-irritant adhesive (Amazing Goop, Eclectic Products, Los Angeles, 
California) was generously applied around the base of the tail, and was firmly attached 
to porous athletic tape (Kendall, Mansfield, Massachusetts) and allowed to dry.  The 
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athletic tape attached to the base of the tail (~2.54 cm of contact) on each lateral side and 
extended ~15.24 distally, where each end of the tape connected and joined a paper clip.  
The animal was allowed to recover from anesthesia and wore the harness while 
ambulating normally.  On Day 0 of each unloading period the paper clip of the harness 
was then attached to a swivel apparatus overhead that was connected to a steel bar 
bisecting the top of the custom-built 45.72 cm x 45.72 cm x 45.72 cm cage.  When 
attached, the animal’s hindquarters would be elevated high enough that they could not 
come in contact with the floor of the cage, resulting in a 30° head-down tilt and complete 
disuse of the hindlimbs.  The steel bar allowed for nearly complete movement about the 
cage with the forelimbs, but prevented the animal from resting its rear quarters on the 
walls.   This system did not inhibit the rats’ ability to feed, drink, or groom.   
On Day 28 of HU, animals reaching their final time point (HU, HU+REC+HU, 
& HU+EX+HU) were anesthetized, removed from HU, and subjected immediately to 
tissue harvest. Animals that would continue on to a recovery bout were anesthetized, had 
their harnesses removed, and allowed full ambulation throughout their 56 d recovery 
session before being harvested (HU+REC, HU+EX, & HU+REC+HU+REC) or 
subjected to a second unloading (HU+REC+HU & HU+EX+HU).  Any animal found 
out of its harness during a health check was immediately removed from the study, as 
were animals facing any sort of health concern.  Overall, the study maintained a 95% 
success rate in completing each 28 d HU bout.   
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Resistance Exercise Training 
 Following their first unloading bout, animals were given 7 d of ambulatory 
recovery and then began the resistance exercise program previously employed in our lab 
(67, 74, 156). Training occurred in a custom-built upright acrylic box (21 cm length x 21 
cm width x 35 cm height) fitted with an illuminated lever situated above the animal’s 
head. The rat was be operant conditioned to recognize the activation of the light bulb and 
attempt to depress the overhead lever, which required full extension of the lower body. 
When necessary, a brief foot shock was administered to encourage an exercise 
repetition. Three operant conditioning sessions (0 g; 50 repetitions/session) was given to 
train the animal for the program, with 48 h rest between sessions. Following operant 
conditioning, resistance was increased through the addition of lead weights to a small 
vest affixed to the animal. Training three times per week (48 h rest between sessions) for 
7 wk, intensity was progressively increased from 80g to 270g load, a protocol proven to 
improve several aspects of skeletal parameters above normal ambulatory reloading when 
invoked after steady-state disuse atrophy (197). Twenty-four hours after the final 
exercise session HU+EX animals were harvested and HU+EX+HU animals were placed 
in their second suspension bout. 
 
Measurement of Protein Synthesis 
 Twenty-four hour fractional synthesis rates (FSR) for the mixed (total) fraction 
were assessed in the gastrocnemius using deuterium oxide (
2
H2O) incorporation 
techniques well-described by our lab (76, 156).  Animals were given a bolus dose of 
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99.9% deuterium oxide (Cambridge Isotopes, Andover, Massachussetts) in a saline 
solution (0.9% NaCl) via intraperitoneal injection (20µl·g
-1 
body weight) 24 h prior to 
tissue harvest.  The priming bolus was supplemented with 4% 
2
H2O drinking water 
provided ad libitum to maintain enrichment during the final 24 h of the study.  FSR was 
determined by measuring the levels of 
2
H incorporation into the muscle protein and the 
precursor pool, described in detail below.  FSR was determined in the mixed subfraction 
as previously described by our lab (76).  Pulverized mixed muscle tissues (~30 mg) were 
homogenized with a Polytron in 0.3 ml of 10% (w/v) trichloroacetic (TCA) acid.  
Samples were centrifuged at 5,000 g for 15 min at 4 °C, the supernatant (containing free, 
unbound amino acids) was decanted and removed, 0.3 ml TCA added to the pellet and 
vortexed until broken down, and the wash-spin step repeated two additional times.  After 
the third and final wash step the protein-bound pellet was dissolved in 0.4 ml of 6 N 
hydrochloric acid for 24 h at 100 °C.  100 µl of the hydrolysate was dried down and 
derivatized with 100 µl of a 3:2:1 (v/v/v) solution of methyl-8 (N,N-Dimethylformamide 
dimethyl acetal, Thermo Fisher Scientific, Waltham, Massachusetts), methanol, and 
acetonitrile for 1 h at 70ºC.  Derivatized samples were injected into a GCMS (Agilent 
7890 GC & 5975 VL MSD, Agilent Technologies, Santa Clara, California) using 
previously described parameters (74, 75).  All muscle samples were analyzed in 





H-alanine:alanine) prepared identically to the sample procedure. 
 Deuterium (
2
H) enrichment of the available precursor pool was determined by 
quantifying 
2
H2O-enriched serum based on a linear regression formula generated by 
135 
deuterium standards identically prepared.  A 20 µl serum sample was allowed to react 
with 2 µl of 10 N sodium hydroxide and 4 µl of a 5% (v/v) acetone in acetonitrile 
solution at room temperature for 24 h. Then, ~0.5 g sodium sulfate decahydrate was 
added as a drying agent, and 0.6 ml chloroform was introduced to the sample to stop the 
isotopic exchange between 
2
H2O-enriched serum samples and acetone.  A small aliquot
(1 µl) was injected into the GCMS, volatilized, separated, and detected using methods 
detailed in earlier publications by our lab (74, 75, 156).  All serum samples were 
prepared and measured in duplicate, and the average value used in FSR calculations. 
FSR was calculated using the following equation: 
FSR = EA · [EBW x t(d) x 3.7)
-1
 x 100,
where EA represents the amount of protein-bound 
2
H-alanine (mole percent excess), EBW
is the quantity of 
2
H2O in the precursor pool (mole percent excess), t(d) designates the
total time of incorporation (in days), and 3.7 represents the exchange coefficient  of 
2
H
between body water and alanine (e.g. 3.7 of 4 carbon-bound hydrogens of alanine 
exchange with water (49)). 
Immunoblotting 
Immunoblotting was carried out in the cytosolic-rich fraction of the 
gastrocnemius muscle.  To isolate this fraction we employed methods detailed elsewhere 
(155).  Briefly, differential centrifugation was carried out in 60 mg of pulverized 
gastrocnemius muscle tissue. The sample was homogenized with a Polytron 
(Brinkmann Lab Equipment, Westbury, New York) in 0.4 ml ice-cold Norris buffer (25 
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mM Hepes, 25 mM benzamidine, 10 mM MgCl2, 5 mM β-glycerophosphate, 4 mM 
EDTA, 2 mM PMSF, 0.2 mM ATP, 0.5% protease inhibitor cocktail P8340 (v/v), 0.1% 
Triton-x 100, 10 mM activated Na3VO4, and 100 mM NaF; pH 7.4).  Samples were 
allowed to rest for 1 h on ice before centrifugation at 30,000 g for 30 min at 4ºC.  The 
supernatant (cytosolic-rich fraction) was decanted and saved for determining protein 
expression.  A small (10 µl) aliquot was used to determine protein concentration 
quantification via bicinchoninic acid (BCA) assay (199), and 60 µg of protein was 
selected for each sample to ensure even loading and qualitative analyses.  Samples were 
randomly selected and blocked by gel to ensure a minimum n = 2 for each group was 
represented on each gel, and location within each gel was randomized to minimize any 
potential bias.  Samples were added to 4x Laemmli buffer (123) and denatured at 100 °C 
before being loaded onto 4-15% gradient polyacrylamide gels (Lonza, Switzerland) for 
protein separation via 1 h SDS-PAGE (40 mA in standard electrode buffer [25 mM Tris, 
19.2 mM glycine, 0.1% SDS (w/v)]) and a 45 min semi-dry transfer (350 mA) onto a 
nitrocellulose membrane, 5% (w/v) non-fat dry milk in tris-buffered saline (m-TBS) was 
used to block the membrane before primary antibody incubation.  DEPTOR and RBX1 
were acquired from Cell Signaling Technology (Beverly, Massachusetts).  Membranes 
incubated in the appropriate antibody dilution (1:1000) in m-TBS overnight with gentle 
agitation at 4 °C.  Membranes were washed three times in 1x TBS for 5 min each, then 
incubated in anti-rabbit secondary antibody (1:2000) in m-TBS for 1 h with gentle 
agitation at room temperature.  Blots were washed a second time, followed by a 5 min 
incubation with enhanced chemiluminescence (Thermo Fisher Scientific), and were 
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detected using an Alpha Innotech (San Leandro, California) imaging system.  Bands 
were developed with a CCD camera and optical densities were determined using Alpha 
Innotech’s AlphaEase FC software, which was automatically set to remove non-specific 
binding from densitometry values.  All bands were normalized by the average density of 
the CON animals’ band (minimum n = 2 per blot) to allow qualitative comparisons 
between membranes, and when necessary Ponceau S staining was used as a loading 
control (178), arguably a stronger correction method (2).   
 
Statistical Analysis 
 As the project employed a cross-section study design, none of the statistical 
analyses were considered with repeated measures.  All analyses were carried out using 
SigmaStat v3.5 (Systat Software Inc., San Jose, California).  A one-way analysis of 
variance (ANOVA) was used to compare groups, and a Student-Newman-Keuls (SNK) 
post hoc procedure was used to test differences among group means when significant F-
ratios were present.  Significance levels were predetermined at p < 0.05.  For all results 
described in this study, groups sharing a similar letter are not significantly different (p ≥ 
0.05) and exact p values may be included for results that warrant highlighting and 
discussion, even if deemed not statistically significant. 
 
Results 
 Gastrocnemius muscle mass (absolute) and synthesis rates were reported in 
previous Sections, but are provided in Figures 5.2A and 5.2B to make inferences on the 
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blotting data below.  Briefly, each unloading period (HU, HU+REC+HU, & 
HU+EX+HU) demonstrated similar reductions in muscle mass, which is at least partly 
due to consistently lower rates of protein synthesis.  Passive recovery (HU+REC & 
HU+REC+HU+REC) allowed for a complete rescuing of muscle mass and anabolism, 
returning to values that were not different from controls.  However, when exercise was 
employed during recovery (HU+EX) muscle mass was found to be lower than passive 
recovery (-6.2% vs. HU+REC; p < 0.05), although this was not corroborated by mixed 
FSR (+6.4% vs. HU+REC; p ≥ 0.05). 
  
 
Figure 5.2. Study IV Gastrocnemius Mass & Anabolism.  Data from previous Sections 
include (A) muscle wet mass and (B) mixed FSR for the gastrocnemius.  Values are 
means ± SE.  Bars displaying similar letters in each graph are not significantly different 
from one another within each Figure.  
 
Protein expression for DEPTOR (Figure 5.3) was higher in unloaded groups, although 
HU+REC+HU (+18.2%) and HU+EX+HU (+30.6%) failed to achieve significance (p ≥ 
0.05) vs. CON.  The loaded groups (HU+REC, HU+EX, & HU+REC+HU+REC) were 
similar to CON values. 
A B
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Fig. 5.3. Study IV Expression of Total DEPTOR.  Immunoblot of the anabolic protein 
DEPTOR in the gastrocnemius.  Assessed as total content.  Values are means ± SE.  Bars 
displaying similar letters in each graph are not significantly different from one another.   
 
 RBX1, a protein belonging to a specific ubiquitin ligase system that serves as a 
downstream regulator of DEPTOR through degradation of this inhibitor, is provided in 
Figure 5.4.  RBX1 signaling generally appears to be tied to mechanical loading.  Normal 
ambulation appears to increase RBX1 content above that observed in unloaded groups, 
with mixed statistical results.  HU+EX expression was higher than all groups except 
CON.  Unloaded animals were all lower than CON (p < 0.05). 
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Fig. 5.4. Study IV Expression of Total RBX1.  Immunoblot of the anabolic protein 
RBX1 in the gastrocnemius.  Assessed as total content.  Values are means ± SE.  Bars 
displaying similar letters in each graph are not significantly different from one another.   
 
Finally, DEPTOR content was compared to the corresponding mixed FSR for 
each group and displayed in Figure 5.5.  DEPTOR content appears to correlate to mixed 
FSR in the gastrocnemius muscle in an inverse relationship (R = -0.9130)   
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Fig. 5.5. Study IV FSR:DEPTOR Relationship.  Gastrocnemius muscle comparing the 
mean values for the mixed FSR (y-axis) plotted against DEPTOR content (x-axis) for 
each group in the experimental design.  No statistical comparisons made, but correlation 
coefficient was calculated.      
 
Discussion 
 The relationship between mechanical loading conditions and muscle mass can be, 
in part, explained by muscle protein synthesis.  This concept has been discussed 
extensively in the previous Sections, with particular attention being given to regulation 
of the PI3K/Akt/mTOR anabolic (rapamycin-sensitive) pathway.  However, we have 
previously demonstrated that insulin and resistance exercise can alter muscle protein 
synthesis independent of a rapamycin-sensitive pathway (63).  With the recent studies 
characterizing DEPTOR as a negative regulator of mTOR and some of its upstream 
signaling (160, 224, 237), DEPTOR was highlighted as a potential therapeutic for 
maintaining muscle in atrophic conditions.  The first known work to assess DEPTOR 
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expression in skeletal muscle were by Kazi et al., in which they used DEPTOR 
knockdown via plasmids to eliminate mRNA and protein expression in C2C12s and saw 
an increase in protein synthesis over control cells (115).  That study also demonstrated 
that DEPTOR suppression, in vivo, served as a therapy against atrophy during 3 d 
casting.  Their use of in vitro DEPTOR reduction mitigated muscle wasting via 
maintained protein synthesis in the casting animals, but DEPTOR knockdown failed to 
produce a change in FSR or mass in ambulatory animals (115).  Those studies proved 
DEPTOR is an important regulator of muscle protein metabolism and its downregulation 
could mitigate muscle atrophy.  It was our work that published the first known 
physiological changes in DEPTOR, as its content was significantly lowered by 
resistance exercise versus control, postulating that it may be a regulator of the anabolic 
response to exercise in muscle (155).  Nilsson et al. (155) was investigating the anabolic 
response to exercise in obese subjects, as it aimed to elucidate the anabolic resistance 
that occurs during sarcopenic obesity.  Using acute resistance exercise with obese 
Zucker rats, we observed that muscle masses were reduced in obese animals (vs. lean 
littermates), but that the reductions of muscle mass could not be explained by diminished 
FSR.  Our findings determined that obese rodents express lower DEPTOR, which may 
ultimately contribute to elevated protein synthesis at rest (vs. lean sedentary), but was 
not altered by resistance training, solidifying the notion that obese subjects have elevated 
basal rates of synthesis that is not further improved by exercise (anabolic resistance), and 
suggests that DEPTOR expression could be tied to insulin sensitivity (155).   
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Nilsson et al. (155) also demonstrated that, in normal rats, resistance exercise 
profoundly affected DEPTOR expression, indicative of an elevated anabolic response 
post-exercise.  In the present study, we did not see an additive effect of resistance 
exercise on DEPTOR expression when compared to recovery alone, which is likely why 
we did not see an effect of exercise on muscle mass or FSR beyond what was observed 
in recovery without exercise.  These results indicate that either our resistance exercise 
protocol was not sufficient to elicit reductions of DEPTOR expression or that the 
recovery process already maximized alterations of DEPTOR that could not be further 
altered by exercise, making these animals ‘resistant’ to further anabolic stimuli.  To 
support that concept, we noticed DEPTOR expression appeared to closely associate with 
our 24 h protein synthesis data, and therefore, we examined if chronic changes in 
mechanical load altered DEPTOR content and the potential relationship between 
DEPTOR expression with FSR.  The present work, to our knowledge, was the first to 
show that DEPTOR expression in skeletal muscle during various stages of mechanical 
unloading and recovery are associated with anabolic properties of muscle. More work is 
necessary to determine dose/response relationships for DEPTOR expression and protein 
synthesis. 
DEPTOR was inversely tied to muscle mass, and its higher values in unloaded 
groups may be associated with reduced mTOR phosphorylation (activation) and 
subsequent formation of the ribosome, as DEPTOR’s binding prevents downstream 
signaling by mTOR (160).  While the exact signaling details for DEPTOR’s removal 
during recovery have not been fully elucidated, DEPTOR has been recently shown to be 
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degraded by activation of, among others, RSK1 and S6K1 via mitogenic activation.  
S6K1 phosphorylates DEPTOR to allow for its degradation by SCF, an E3 ligase (237).  
As we present a correlation between DEPTOR content and FSR (Figure 5.4), even a 
small reduction of DEPTOR accumulation may result in improved mTOR activation, 
allowing for increased S6K1 activation, feeding forward to decrease DEPTOR 
expression even further.  We postulate that the lack of mTOR signaling (i.e. during 
disuse) allows for a constituent accumulation of DEPTOR, which then inhibits 
translation initiation.  Alternatively, it is possible that DEPTOR accumulation may (also) 
be a result of a diminished ability to degrade this inhibitory protein. 
 The E3 ligase responsible for DEPTOR ubiquitination and subsequent 
breakdown is the SCF complex, which is comprised of β-TrCP, CUL1, and RBX1.  As 
in vitro reductions RBX1 induce accumulation of DEPTOR, ultimately leading to 
mTOR inactivation in cancer cells, it suggested that RBX1 content may at least partially 
account for DEPTOR content (233).  To our knowledge, this work is the first to directly 
assess RBX1 content with mechanoloading in skeletal muscle.  As our lowest RBX1 
content was expressed in our unloaded groups, it shows promise that RBX1 
overexpression could be a potential target for improving mRNA translation in muscle, 
and also implicates that overall DEPTOR expression, regardless of upstream signaling, 
may be dependent on the capacity of muscle to degrade this important protein.  Further 
studies are necessary to characterize the nuances of RBX1 signaling in regards to 
DEPTOR/mTOR outcomes. 
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 The relationship between muscle protein synthesis and DEPTOR content was 
plotted in Figure 5.4, to illustrate the strong negative correlation (R = -0.9130) between 
this measures.  This apparent association highlights DEPTOR’s possible role as a key 
regulator of protein synthesis in skeletal muscle.  DEPTOR expression may be 
considered, at least quantitatively, a viable target for clinical efforts to assess muscle 
anabolism when traditional quantitative measures (GCMS, IRMS) are not available.  It’s 
potential as a surrogate marker for muscle anabolism is a novel finding we discussed in 
our previous work (155), but is reinforced by the work detailed in this Dissertation. 
 
Conclusion 
 Our recent interest in DEPTOR signaling and its relation to muscle mass and 
anabolism has provided the first two in vivo studies to demonstrate physiological 
alterations of DEPTOR content in skeletal muscle (present study and (155)).  Its 
expression is so closely tied to daily 24 h FSR measures that we feel its value in muscle 
physiology studies may exceed even that of publishing mTOR data, as its upstream 
activation and subsequent return to basal activity following resistance exercise is so brief 
(20), yet the impact of a single session of acute resistance exercise to elevate muscle 
protein synthesis lasts at least 24 h (138).  Therefore, future exercise studies and clinical 
research looking into muscle anabolism should target DEPTOR expression to further 
elucidate the role this protein plays in balancing muscle mass.   
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VI. SUMMARY AND CONCLUSION 
Muscle Plasticity in Response to Mechanical Unloading and Reloading 
 Greek philosopher Hippocrates is credited as the first to detail physiological 
adaptations to activity, saying “That which is used- develops.  That which is not used 
wastes away.”  It was not until 1959 that the term ‘plasticity’ was used to describe 
muscle’s inherent ability to substantially, swiftly, and specifically alter its form and 
function in response to a change in stimuli (55).  An abundance of the muscle research 
field has been dedicated to understanding- and ideally regulating, the changes in muscle 
mass that occur during inactivity or in response to exercise training.  And while the 
value in improving muscle mass and function in athletes and the general population is 
noted, the significance of preventing or reversing muscle atrophy in clinical conditions is 
immense- ramifications of severe muscle atrophy include decreased strength (77, 220), 
altered functional properties (30, 56, 238), and lean body mass has been inversely 
associated with mortality risk, even when accounting for fat mass and cardiovascular 
risks (200).  Therapies to reverse the adaptations that result in decreased protein 
synthesis and/or increased protein breakdown could immediately improve quality of life 
and alleviate morbidities in at-risk populations of several muscle-wasting conditions (29, 
54, 57, 108). 
 To elicit a substantial reduction in muscle mass (and as a consequence, muscle 
strength), we opted to utilized hindlimb unloading, a rodent model originally tested in 
skeletal muscle as a model of inactivity (152) that was later noted as a strong ground-
based analog to spaceflight (150), as this model creates a cardiovascular fluid shift 
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similar to that observed during spaceflight (94) coupled with a substantial reduction of 
muscle activity in the lower limb (173).  Space travel physiology, when considering the 
compounded risks of microgravity and the space radiation environment, affords us 
opportunities to inhabit (and therefore study the adaptations that occur in) arguably the 
most extreme conditions to ever exist on skeletal muscle.  Therefore, countermeasures 
that prove effective in mitigating or preventing muscle atrophy in space are of mammoth 
value.  It is for this reason that we adopted hindlimb unloading to serve as our model for 
disuse over casting or denervation.  The soleus was found to face rapid losses of muscle 
mass immediately following the onset of hindlimb unloading, with the most rapid losses 
(~ -50% vs. Day 0) happening in the first 28 d, but full recovery of mass happened 
within 28 d of recovery (216).  Work by our colleagues prior to our collaboration 
highlighted several bone parameters that were impacted by 28 d of hindlimb unloading 
were fully recovered with 2x recovery time of 1 g reloading (196), and so 56 d recovery 
periods were selected for the projects detailed in this Dissertation. 
  Muscle plasticity with single bouts of steady-state disuse and full recovery after 
unloading is discussed in portions of Section II, III, and IV.  The soleus muscle was 
found to be the most affected by 28 d of unloading, compared to the gastrocnemius and 
plantaris, when considering alterations in mass.  The nearly -55% change (vs. control) is 
consistent with the work of others (127, 196, 216), and is met with a concomitant 
reduction in muscle protein synthesis (-31% vs. CON) that is similar to the decreases 
observed with prolonged bed rest (58).  With similar results in the gastrocnemius, we 
sought to discern if the changes in muscle protein synthesis rates during steady-state 
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atrophy were being driven by altered mRNA translation, and our signaling data provided 
insight that initiation and elongation may both be negatively impacted during hindlimb 
unloading, even after 28 d of chronic unweighting.  Our catabolic markers were less 
clear in explaining our findings, but may coincide with concepts offered by Thomason et 
al., suggesting that catabolism is not dissimilar from basal values in steady-state atrophy 
during disuse (214).  We also observed a decrease in the expression of the anti-apoptotic 
protein Bax, but found support for this finding with long-duration disuse (165).  The 
anabolic signaling, protein synthesis rates, and mass were all restored in the 56 d 
recovery group (vs. control values), confirming that our model could sufficiently induce 
and restore mass, highlighting it as an effective model for plasticity and biological 
resilience.  Collectively, this work established a baseline from which we could explore 
biological repeatability in muscle. 
 
Muscle Repeatability to Alterations in Mechanical Loading Conditions 
 To our knowledge, there has been no work explicitly describing biological 
repeatability as a facet of muscle plasticity.  The notion originated as a concern in bone 
health in astronauts, with NASA-funded projects discussing the impact of multiple 
spaceflight missions on the overall health of an astronaut (85, 86, 194, 195).  The only 
muscle outcomes assessed, if any, were wet mass, but inspired us to explore repeatability 
as a concept for not only space-related research, but muscle biology in general.  The 
experimental design allowed us, for the first time, to clearly demonstrate muscle mass 
changes through repeated bouts of disuse with full recovery, and to explore factors that 
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influence muscle protein turnover in this model.  Overall, muscle mass was impacted 
similarly in the second disuse period as it was in the first, and was supported by similar 
muscle protein synthesis as well as similar anabolic, catabolic, and apoptotic signaling.  
All of these outcomes were once again reversed during passive recovery, strongly 
supporting that muscle plasticity is appropriately and similarly impacted each time when 
exposed to repeating stimuli.  This poses relevant information to NASA, as it suggests 
that while muscle mass will be lost during long-duration space travel (without 
countermeasures), and muscle mass will be similarly lost during subsequent missions in 
veteran astronauts, there are two beneficial messages: 1) muscle is not further 
exacerbated by serial unloadings, so veterans are not at risk for higher levels of atrophy 
compared to first-time astronauts, and 2) the muscle is fully recovered with adequate 
time back in a 1 g environment.  This information is similarly beneficial to numerous 
clinical populations that may go through repeated periods of lengthy bed rest (which 
occurs in numerous conditions of chronic illness).  Only one of the measured outcomes 
was affected in a dissimilar fashion during repeated unloading and recovery; muscle 
collagen concentrations, which have been shown to compromise muscle function (83).  
The identification of this difference may be of immediate value to NASA and clinical 
situations, and poses the notion that not all muscle outcomes are fully repeatable.  Future 
research in the field, when appropriate, should add cyclical stimuli to elucidate other 
aspects of muscle biology that are not repeatable. 
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Resistance Exercise During Recovery  
 We employed a resistance exercise paradigm proven to produce training-induced 
benefits in bone, as well as mitigate future insults during subsequent unloading periods 
(197).  As discussed in Section IV, this moderate-intensity, moderate-volume voluntary 
resistance training during recovery from unloading was not beneficial, and appeared to 
contribute to lower gastrocnemius muscle mass (vs. passive ambulation alone).  We 
highlighted possible explanations for these findings, and do not discourage future studies 
from invoking exercise to expedite or increase recovery, but rather suggest potential 
avenues for future works to consider.  Clinicians already prescribe passive and active 
rehabilitation during hospital stays to expedite discharge, improve functionality, and 
improve mortality (28, 120) in ICU patients.  The value in unanimous position papers 
detailing the mechanisms behind recovery and concise strategies for rehabilitation from 
long-duration disuse in otherwise healthy individuals is of immediate value to athletes, 
warfighters, first responders, and many portions of the general public who wish to return 
to normal activity after injury/illness/debilitation that results in muscle atrophy. 
 
DEPTOR 
 Section V provides insight into a molecular mechanism for anabolic regulation of 
mTOR.  In previous work we determined that DEPTOR, a negative regulator of mTOR, 
could be a valuable target in controlling the anabolic response to exercise in skeletal 
muscle (155).  This Dissertation provides the first known evidence of DEPTOR’s 
increase during steady-state disuse, and its correlation to mixed muscle protein synthesis 
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rates.  As pharmacological manipulation of DEPTOR proved to mitigate early losses in 
muscle mass due to casting (115), its value as a possible countermeasure to long-
duration disuse cannot be understated.  Kazi et al. demonstrated that knockdown of 
DEPTOR mRNA did not improve muscle with hypertrophic gains above control, but 
was immensely beneficial in preventing loss in a catabolic condition.  The manipulation 
of this protein is not without risks, as a non-specific inhibition of DEPTOR in many 
cancer cells would be catastrophic.  Further examination of DEPTOR’s control on 
anabolism, and other signaling cascades, is imperative if we wish to translate benchtop 
research to clinical value to conditions suffering the consequences of atrophied muscle, 




 The impetus for this Dissertation was born out of need to examine, and seek to 
remedy for, the impact of spaceflight on bone health.  The experimental design 
established for the initial aims of the project afforded an opportunity for muscle to also 
be assessed, with NASA also highlighting the need to better understand muscle’s 
responses to spaceflight in an effort to avoid operational (even life-threatening) risks of 
muscle atrophy and reduced muscle function during long-duration missions (162).  But 
the wider-reaching benefits of this work extends to the general field of muscle biology.  
The concept of biological repeatability deepens our understanding of plasticity, and 
provides insight to the adaptability of muscle to undulating stimuli involving catabolic 
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conditions.  While most of the data provided supports repeatability, even one 
disagreement (muscle collagen) exposes a chink in one’s armor if making blanket 
assumptions that muscle will always react similarly to repeat changes in stimuli.  
Exploring these inconsistencies may highlight serious risks in astronaut muscle function 
as well as countless other health risks that may arise when muscle plasticity is not 
consistent.  
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